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Water pollution represents one of the major concerns of the modern world, after
scientific and industrial development that generates hazardous organic and inorganic
contaminants. Biochar (BC) has gained tremendous attention in the past decade as a
cheap and efficient adsorbent for organic and inorganic contaminants from aqueous
solutions. BC is considered to be a low-cost alternative to activated carbon, however, BC
typically suffer performance reductions due to their low surface areas and poor
mechanical properties. The main objective of this work is to develop novel biochar
materials by modifying the biochar surface for the removal of organic and inorganic
contaminants from water.
In recent years, biochar modifications involving various methods such as,
acid/base treatment, impregnation of mineral sorbents, functional groups incorporation,
steam activation and magnetic modification have been widely studied. Chapter I
summarizes these biochar modification methods.
In Chapter II, Chitosan-Modified fast pyrolysis BioChar (CMBC) was used to
remove Pb2+ from water. CMBC was made by mixing pine wood biochar with a 2%

aqueous acetic acid chitosan (85% deacylated chitin) solution followed by treatment with
NaOH. CMBC removed more Pb2+ than non-modified biochar suggesting that
modification with chitosan generates amine groups on the biochar surface which enhance
Pb2+ adsorption.
Chapter III describes the fast nitrate and fluoride adsorption and magnetic
separation from water on iron oxide particles dispersed on Douglas Fir biochar. Nitrate
and fluoride adsorption occurred by electrostatic attraction over the wide 2 to 10 pH
range. In the chapter IV, aniline and nitrobenzene removal from water was studied using
magnetized and nonmagnetized Douglas Fir biochar. The adsorption of aniline and
nitrobenzene occurred mainly through pi-pi electron interactions over the wide 2 to 12
pH range and H-bonding. The surface morphology, chemistry, and composition of the
modified biochars were examined by SEM, SEM-EDX, TEM, PZC, XPS, XRD, FTIR,
TGA, DSC, elemental analysis, and surface area measurements.
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CHAPTER I
INTRODUCTION
1.1

Water contamination
The world’s population has grown at a rapid rate since the industrial revolution,

and the United Nations predicts that the population growth rate will be 1 percent per year
soon.1 This increasing population has brought with it a demand for more natural and
manufactured resources. One negative aspect of this ever increasing, population driven,
demand on resources is the chemical concomitant increase in air-, water-, and land
pollution with chemical byproducts. Chemists from around the world are now applying
green chemistry approaches in order to address these issues and provide a cleaner and
safer environment.
The widespread use of hazardous chemicals in manufacturing industries is one of
the leading causes of water pollution. According to the United States Environmental
Protection Agency (USEPA), over 4 billion tons of hazardous waste are generated
annually and this number is increasing at a rate of 10 % per year.2 This dramatic increase
has led to a host of different environmental and health problems.3
Contaminated water treatment techniques have been used for centuries.4
However, removing specific contaminants often require a special approach/technique5
and require optimization to ensure their satisfactory removal from solution. Several
factors including contaminant type, concentration, solution matrix, and treatment cost all
1

need to be taken into account when choosing a specific method for water purification.
Examples of such techniques are advanced oxidation processes,6 coagulation and
flocculation,7 magnetic separation,8 membrane purification,9 ion-exchange,10 biological
treatment,11 and adsorption technologies.12
Adsorption techniques are widely applied to remove contaminants from water due
to easy operation, simple design, and high adsorption capacities.13 In particular, activated
carbon adsorbents have been extensively used to remove pollutants from water because
of their high porosities, surface areas, and chemical stabilities.14-17 Increasingly, efforts
have been devoted to finding lower cost adsorbents than traditionally used activated
carbons.
1.2

Biochar
Among low-cost adsorbents, biochar (BC), a carbonaceous waste material from

the bio-fuel industry, has gained tremendous attention in the past decade as a cheap and
efficient adsorbent for contaminant removal from aqueous solution.18-21 Thermochemical
conversion of biomass produces bio-oil, syngas, and BC. The ability to produce BC from
a variety of biomasses, particularly low-cost agricultural wastes, makes BC a lower cost
adsorbent relative to activated carbon. However, the chemical and physical properties of
BC highly depend on the feedstock and the production method. BC can be produced by
fast and slow pyrolysis,22 gasification,23 torrefaction,24, 25 and hydrothermal and flash
carbonization.26, 27 These production methods are often lower cost compared to activated
carbon production methods, which can involve several stages of preparation, long
retention time for pyrolysis and activation, and use of elevated temperatures.

2

Furthermore, BC postproduction modification strategies can be cheap and enable further
tuning of BC properties.
BC is considered to be a low-cost alternative to activated carbon, however, BCs’
typically suffer performance reductions due to their low surface areas and poor
mechanical properties when compared to activated carbon.28 BC surfaces can be
engineered by chemical and physical methods to introduce additional functional groups,
binding sites, and pore structures. Recent research on BC modification has provided
insight into the performance gains that can be made using surface engineered BC for
various contaminant removal.29-34
1.3

BC modification techniques
BC surface modification can be done either by feedstock pre-treatment before

pyrolysis or modifying BC after carbonization. These BC modifications can be divided
into two major categories, i.e., chemical and physical modifications (Fig. 1.1). Chemical
modification for convenience can be further classified into another three main categories
including acid/base modification, metals/metal oxides modification, and functional group
synthesis or oxidation. Physical modification methods include heat, steam, and gas
treatments.

3

Figure 1.1

1.1.1
1.3.1.1

Biochar modification techniques

Chemical modification
Acid/base modified biochar
Treating biochar with acids can remove inorganic impurities (e.g. acid soluble

minerals), and remove dissolved organic matter, which can enhance the adsorption
performance.35 Common acid treatment uses phosphoric acid. Phosphoric acid can
diffuse rapidly into the outer part of the BC particle reacting with the char surface and
significantly increase surface functional groups of BC.36, 37 Furthermore, phosphoric acid
can induce surface hydrolysis reactions (hydrolysis of ester groups which formed by
cross-linking lignin and cellulose during pyrolysis) on the BC surfaces, which results in
an increase of water-extractable organic carbon.38 Other common BC acid modifications
use nitric, hydrochloric, and sulfuric acids.

4

BC from weeds oxidized with 65% nitric acid solution for 1 h at 80 ºC lowers the
surface area from 40 to 5 m2/g, while oxygen functional groups such as carboxylic,
phenolic, and lactonic groups are increased compared to the non-treated BC.39
Alternatively, reed BC washed with 1 M hydrochloric acid at a ratio of 50:1 (v/w) for 6 h
decreases % oxygen content, (O+N)/C and H/C atomic ratios. The surface area of this
acid washed BC (BC produced at 600 ºC) increased from 58 to 88 m2/g and became more
hydrophobic and aromatic, which enhanced the adsorption sites for pentachlorophenol. In
another study, peanut hulls BC sulfonated with 99% H2SO4 acid solution for 12-18 h at
100 ºC.40 The resultant BC significantly increased surface area from 4 to 242 m2/g and
formed new pore structures. Sulfonation of BC creates both sulfonic acid groups and
carboxylic acid groups on the BC surface. In summary, acid treatments of biochar
introduce oxygen functional groups, aromaticity, and hydrophobicity depending on the
type of acid used (Fig. 1.2).

Figure 1.2

BC acid modification (X: Cl- or NO3-)

Base treatments, particularly with KOH and NaOH, can increase BC surface
areas and pore sizes.41, 42 NaOH treatment of biochar can increase O content by
introducing additional functional groups such as lactones, and phenolic groups on the
5

biochar surface can be neutralized by reacting with NaOH.43 Enhanced porosity is
observed with high temperature treatments (above 700 ºC) for BC treated with KOH due
to the formation of metallic potassium and its intercalation to the carbon matrix.44 The
conversion of KOH to K2CO3 plays a major role in porosity development.45
KMnO4, a strong oxidizing agent, can increase BC oxygen functionalities because
it introduces MnOx particles and/or additional oxygen containing groups on the
engineered biochar surface.46 On the other hand, KMnO4 modification significantly
reduced the C, H, and N content of modified BC, compared to unmodified BC.
Adsorption of contaminants on KMnO4 modified biochar was mainly due to the
additional oxygen containing functional groups on the BC surface and the MnOx particles
introduced by the KMnO4 modification. Chemical oxidation of biochar can also be
achieved by modifying biochar with H2O2. H2O2 modifications can increase oxygen
content on the biochar surface by oxidizing the carbonized surface.47 This modification
primarily increases the amount of carboxylic groups on the biochar surface.
1.3.1.2

Metals/Metal oxides modification
Recent studies have focused on BC modification via the incorporation of metals,

metal oxides, metal hydroxides, or layered double hydroxides. Most of these
modifications use Mg, Ca, Al, Mn and Fe due to their high abundancy and low cost.48-52
Sorption application of these metallic species without a support material is limited due to
particle agglomeration, weak mechanical strength and aggregation.53 Hence, adsorption
efficiency suffers from technical bottlenecks and limits their widespread application.54, 55
A range of materials, including zeolites, bentonite, diatomite, sand, resin, activated
carbon and tea-waste have been used to stabilize and prevent the agglomeration issue.
6

Similarly, BC has been employed as a support to synthesize composites with enhanced
sorption features.53, 55-57 Coating BC with these different metal species has been recently
used to enhance its sorption capacity under various pH, equilibrium time, equilibrium
concentration, ionic strength and competing contaminants conditions.53, 55-59
Metal-biochar composites can be obtained by a one or two-step modification
process. In one-step modification, the precursor biomass can be soaked with metal salts,
mixed with elemental metals, or metal oxides before pyrolysis. During pyrolysis of these
metal-biomass composites, the biomass is converted to BC, while metallic compounds
are converted to metal oxides, metal hydroxides, metal nanoparticles or even elemental
metals. In two-step modification processes, the first step involves the pyrolysis of
biomass to produce BC. The BC is then treated with metal salts or use support materials
such as chitosan to anchor metal or metal oxides to the BC surface. Most of the metals,
metal oxides, or metal hydroxides are directly involved in adsorption mechanisms.34
Some metal oxides introduce additional physio-chemical properties to the BC. For
example, Fe-biochar composites have magnetic properties, thus pollutant laden BC can
be easily removed using an external magnet.60-62
Magnetic BC can be prepared by treating biomass or BC with metallic salts such
as iron chloride hexahydrate, iron sulfate heptahydrate, manganese oxide tetrahydrate and
manganese sulfate hydrate. Magnetic BC can be prepared by soaking the feedstock
materials or BC with the metallic salt solution followed by pyrolyzing under nitrogen gas.
Magnetic BC can be smaller in size (typically ~10 - 20 nm) to more effectively bind
heavy metals.33 Spent magnetic BC can be easily recovered using a simple external
magnet after use. This avoids the time-consuming steps associated with the methods such
7

as filtration and centrifugation, and hence offers a greater potential in wastewater
treatment processes. This approach also allows for the use of smaller adsorbent
particulates with higher surface areas and faster kinetics that would clog a flow system.63
Manganese related BC surface architecture have received special attention
because the oxides (MnxOy) are commonly found in soil and are known for their potential
to adsorb heavy metals. The dominant crystalline forms of MnxOy are manganosite and
birnessite.55 The main methods to immobilize MnxOy onto BC are coating, loading, and
impregnation.53, 64 The fabrication of these composites can be done by one-pot synthesis
65

, or pre-soaking the biomass in aqueous mineral salt solution 55 and pyrolysis of the

mixture 57 or multiple step post-impregnation using wet chemistry. 53, 58, 66
Soaking biomass with magnesium salts such as MgCl2, and subsequent pyrolysis
can modify the biochar surface with nanosized MgO between 20 to 67 nm.48 Biochar
modification with MgO can increase the point of zero charge to high values. Thus, the
biochar surface is positively charged in natural aqueous pH conditions. Therefore, the
MgO on the biochar surface can strongly bind anions thorough mono-, bi-, or trinuclear
complexions.67
1.3.1.3

Functional group synthesis or oxidation
Carboxyl or amine grafting to the BC surface can improve contaminant removal

selectivity. Carboxylic groups can be added to BC using organic acids.68 Eucalyptus saw
dust treated with citric, tartaric, and acetic acids followed by carbonization resulted in
increases in carboxyl groups. Poly vinyl alcohol (PVA) grafted to BC nanoparticles
increased dispersion stability in brine water.69 This BC nanoparticle surface was
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functionalized with carboxyl groups using a radical initiator ACPA (4,4'-Azobis (4cyanopentanoic acid) prior to PVA attachment.
Modifying BC with amine group containing polymers, such as polyethyleneimine
or chitosan is easy and efficient.70-72 These amine groups can make strong chemical
bonds with meal ions.73, 74 Thus, amination of BC surfaces imparts basic properties and
high affinities towards base metal ions such as Cu2+ and Cd2+. Coconut fiber-derived BC
modified with ammonia increased Pb(II) removal by more than 25 % compared to
untreated BC due to the formation of amide functional groups on the BC surface. The
amidation reaction between carboxylic acid groups and ammonia occurred when the BC:
5% ammonia solution (1:10 (w/v)) was heated to high temperature.75
Chitosan coating is another modification route that has shown promising results
for improving heavy metal adsorption. Chitosan amine and hydroxyl functional groups
bind to various heavy metal ions and its high abundancy and low cost make it attractive
for adsorption applications. Chitosan can be used as either a surface modifying agent 72 or
chemically bound through crosslinking.76 Introduction of pyromellitic dianhydride
(PMDA) with chitosan for BC modification shows high efficiency for the removal of
Pb(II), Cd(II), and Cu(II) from aqueous solutions by chemisorption, and selective
removal of Cu(II) in multi-metal systems.77 Carbon nanomaterials are similar to BC and
have good water contaminant removal properties. Thus, the combination of such
materials will likely enhance the sorption of contaminants. Carbon nanotube-biochar
composites showed improved capacities towards Pb(II) and sulfapyridine compared to
untreated adsorbents.78
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1.1.2

Physical modification
Physical modification routes of BC are considered to be the easiest and least

expensive surface engineering techniques. However, physical modifications tend to
produce inferior BC adsorbents. Steam was used to activate Burcucumber BC and the
resultant BC had elevated pore volume compared to the non-activated BC.79 This BC
surface was activated by generated H2 and CO2 from steam oxidation of the carbon
surface. Physical modification can also be achieved by gas purging. Purging cotton stalk
BC with CO2 and NH3 significantly increase the surface area and increase N-containing
groups on the BC, respectively.80
In summary, biochar surface properties such as surface area, pore size, functional
groups, and surface charge can be altered using different biochar modification techniques
(Fig 1.3). In most cases, the biochar modification leads to high surface area and/or
additional functional groups. Among different modification techniques, chemical
modification with metals or metal oxides and functional group synthesis proved to
enhance the bioochar’s sorption ability for organic and inorganic contaminants.
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Figure 1.3
1.4

Biochar modification techniques

Dissertation objectives
The main objective of this work is to make novel biochar materials by modifying

the biochar surface for the removal of organic and inorganic contaminants from water.
The biochars used in this study were chemically engineered with chitosan and iron
oxides. The chitosan-modified pinewood biochar was successfully used to remove Pb2+
from aqueous solutions and demonstrated high adsorption capacity. Fast nitrate, fluoride,
aniline, and nitrobenzene adsorption and magnetic removal form water was achieved on
α-Fe2O3 and Fe3O4 dispersed on Douglas fir biochar.
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CHAPTER II
LEAD (Pb2+) SORPTIVE REMOVAL USING CHITOSAN-MODIFIED BIOCHAR:
BATCH AND FIXED-BED STUDIES
(Published in RSC Adv. 2018, 8, 25368-25377)
2.1

Abstract
Chitosan-Modified fast pyrolysis BioChar (CMBC) was used to remove Pb2+

from water. CMBC was made by mixing pine wood biochar with a 2% aqueous acetic
acid chitosan (85% deacylated chitin) solution followed by treatment with NaOH. The
characterizations of both CMBC and Non-Modified BioChar (NMBC) were done using
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), scanning electron
microscopy (SEM), surface area measurements (S BET), elemental analysis,
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and ζpotential measurements. Elemental analysis indicated that chitosan accounts for about
25% weight of the CMBC. The Langmuir maximum adsorption capacity of CMBC at pH
5 was 134 mg/g verses 48.2 mg/g for NMBC at 318 K. CMBC column adsorption studies
resulted in a capacity of 5.8 mg/g (Pb2+ conc. 150 mg/L; pH 5; column dia. 1.0 cm;
column length 20 cm; bed height 5.0 cm; flow rate 2.5 mL/min). CMBC removed more
Pb2+ than NMBC suggesting that modification with chitosan generates amine groups on
the biochar surface which enhance Pb2+ adsorption. The modes of Pb2+ adsorption on
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CMBC were studied by comparing DRIFTS and X-ray photoelectron spectroscopy
spectra before and after Pb2+ adsorption.
2.2

Introduction
Lead is a primary water pollutant observed in many developing countries.1 It is

introduced to the environment in a variety of ways. The combustion of fossil fuels emits
lead into the atmosphere and it is deposited back onto land, where it washes into nearby
water systems. Acid mine drainage and discharge from industries that produce ceramics,
glass, and acid batteries have been known to release lead into lakes and rivers.2, 3 Lead
can cause neurological, renal, hematological, endocrine, gastrointestinal, and
cardiovascular problems in humans, and growth, cell division, water absorption and
balance problems in flora and fauna.4 In humans, acute lead poisoning can cause severe
kidney,5 brain, and neurological damage,6 while long term exposure can induce sterility
and abortion.7 According to the World Health Organization (WHO), lead exposure
accounts for approximately 143,000 deaths per year around the world. To reduce such
health tragedies, the WHO and the American Water Works Association (AWWA) have
determined the lead concentration in drinking water must fall below 10 µg/L, while the
U.S Environmental Protection Agency (EPA) set the maximum concentration in drinking
water at 15 µg/L.2
Many procedures have been developed to purify water contaminated with heavy
metals. Aqueous solutions of these heavy metals have been treated by physical,
chemical,8 and biochemical9 processes. However, adsorption techniques have become
increasingly widely applied.10 Activated carbon, commonly used for adsorption, is
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expensive and selective for few contaminants.11 Thus, new, low cost adsorbents to
remove heavy metals from aqueous solution are desirable.
Many low cost water purification methods have been studied.12 Viable choices
include algae, which has a high lead uptake capacity (~ 1.67 mmol/g) and an almost
unlimited ocean supply,13, 14 red mud (a byproduct from aluminum industries composed
mainly of iron oxide),15 and biochar.16-18 Fast biomass pyrolysis produces bio-oil and
solid carbonaceous biochar, as a byproduct. Extensive research on biochar has proven its
potential as a cheap and effective adsorbent to remove environmental contaminants from
water.2, 19-23 In an effort to improve biochar’s adsorption performance, recent studies have
focused on modifying the biochar surface.24-30
Chitosan is a low-cost, biodegradable, and non-toxic material that is created
through the hydrolysis of chitin’s amide functions to amine groups using alkali sodium
hydroxide (Scheme 2.1).31 Chitin is found in shrimp and other crustacean shells. It is the
most abundant renewable and biodegradable natural amino polysaccharide in the world,
making chitosan potentially inexpensive. Chitosan is an excellent alternative adsorbent
for heavy metal removal from aqueous solutions.32-34 Previously, lead adsorption on
chitosan has been studied on chitosan hydrogel, chitosan/PVA hydrogel beads, and
chitosan-coated sand.35-37 Therefore, combining chitosan and biochar could produce a
novel material with increased lead ion uptake capacity above that of the biochar.38
Chitosan-modified bamboo, potato peel, and rice straw biochar have previously
been used to study the sorption of Pb2+.34, 39, 40 However, the feedstock biomass used in
these studies are not widely available in large quantities and reported Pb2+ adsorption
capacities are relatively low compared to the literature reported values for other Pb2+
19

adsorbents. Another impediment to commercialization is that most adsorption data is
from batch studies while wastewater treatment plants typically use fixed-bed columns for
metal adsorption. The required column parameters for scaling up fixed-bed columns can
be obtained through column studies. Thus, additional investigations are needed to
develop high capacity and cost-effective chitosan-modified biochar adsorbents.
The main objectives of this work were to develop a new chitosan-modified
biochar composite from pinewood, evaluate its batch and column sorption capacity, and
elucidate sorption mechanisms for Pb2+. Pinewood was used as the feedstock to produce
biochar due to its worldwide availability, cost effectiveness (available as a waste product
from pulping and bio-oil industry) and high adsorption capacities.41 Chitosan-modified
pine wood biochar could lead to low cost adsorbents, because both materials are cheap
and widely available.
Scheme 2.1

Chitin base hydrolysis to chitosan
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2.3

Experimental

2.3.1

Chemicals and equipment
All chemicals used were either GR or AR grades. They were purchased from

Sigma Aldrich (Saint Louis, MO) unless otherwise specified. An aqueous stock solution
of 1000 mg/L Pb2+ was prepared by dissolving Pb(NO3)2 in deionized (DI) water.
Analytical grade chitosan (viscosity of 200-500 cP at 20 oC) 0.5 wt.% in 0.5% aqueous
acetic acid was acquired from VWR (Radnor, PA). This chitosan was derived from chitin
by deacylating 85% of the parent chitin’s amide groups. Complete deacylation is not
required.
2.3.2

Preparation of pine wood biochar
The biochar used for this study was obtained as a byproduct of fast pyrolysis bio-

oil production.42 The pinewood chips were pyrolyzed in a continuous auger-fed reactor
where, after preheating, it was passed through the pyrolysis zone at 425 °C for 20-30 s.
The heating protocol was previously described.43 The biochar was collected and washed
with DI water several times to remove salt impurities and ash. Biochar was then ground,
sieved to a uniform particle size distribution between 0.1 to 0.6 mm, oven dried at 110 °C
for 12 h to remove moisture, and stored in a closed container for further use. Resulting
non-modified pine wood biochar is hereafter referred as NMBC.
2.3.3

Preparation of chitosan-modified biochar
Chitosan-modified biochar was prepared as described by Y. Zhou et al.34 Briefly,

3 g of chitosan was dissolved in 180 mL of aqueous acetic acid (2%) followed by the
addition of 3 g of biochar. The mixture was stirred for 30 min at ambient temperature.
21

The biochar-chitosan suspension in aqueous acetic acid was then added dropwise to a 900
mL NaOH (1.2%) solution over approximately 2 h, and the resulting suspension was held
for an additional 12 h. The solid was filtered through Whatman No. 1 filter paper. The
chitosan-modified biochar was then washed with DI water to remove excess NaOH and
oven dried for 24 h at 70 0C. The final weight of the dried sample was 4 g indicating the
biochar had complexed 1 g of chitosan, giving a ~25% w/w ratio of chitosan to the
biochar in the chitosan-modified biochar. The resulting chitosan-modified biochar
samples are hereafter referred as CMBC.
2.3.4

Biochar characterization
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis

(Thermo Nicolet 6700 FT-IR spectrometer) of the samples were obtained after grinding
and pressing into a 5% by weight adsorbent KBr pellet. A total of 64 scans were taken
from 4000 cm1 to 600 cm-1 with a resolution of 4 cm-1. Scanning electron microscopy
(SEM) analysis was performed using a JEOL JSM-6500F FE-SEM operated at 5 kV. The
biochar was applied to a carbon stub attached to carbon tape and then sputtered-coated
under argon with a 5 nm layer of platinum. The biochar samples were then attached to a
sample holder for SEM analysis. Transmission electron microscopy (TEM) analysis was
carried out using a JEOL model 2100 TEM operated at 80 kV. About 10 mg of the
samples were mixed with ~ 0.5 mL of 100% ethanol, sonicated for about 4 min,
deposited on carbon film on a 300-mesh copper grid, followed by a 24 h drying. Surface
areas and pore size distributions were determined using nitrogen physisorption (BET) at
77 K with a NOVA 2200e surface area and pore analyzer purchased from Quantachrome
Instruments. Isotherms were analyzed with Quantachrome’s NovaWin software version
22

10.01. Thermogravimetric analysis (TGA) analysis was performed under air at a heating
rate of 10 ºC/min from 25 to 1000 ºC for both NMBC and CMBC using a TA
Instrument’s Q50 thermogravimetric analyzer. Differential scanning calorimetry (DSC)
analysis was performed under air at a heating rate of 10 ºC/min from 25 to 550 ºC for
Chitosan, NMBC, and CMBC using a TA Instrument’s Q20 differential scanning
calorimeter. ζ-Potential measurements were conducted using a ZetaPALS instrument
(Brookhaven Instruments Corporation (BIC), Holtsville, NY). The elemental C and N
composition of both NMBC and CMBC determined by dry combustion using an ECS
4010 elemental combustion system CHNS-O (ECS 4010, Costect Analytical
Technologies Inc.). X-ray photoelectron spectroscopy (XPS) analysis was performed
using a Thermo Scientific K-Alpha XPS system equipped with a monochromatic X-ray
source at 1486.6 eV corresponding to the Al Kα line.
2.3.5

Batch sorption studies
The effects of pH, contact time, and Pb2+ concentration on uptake were carried

out using the batch adsorption method.44 Both kinetic and adsorption isotherm studies for
Pb2+ were carried out at pH 5 and temperatures at 298, 308, and 318 K. A known amount
of CMBC was added to 25 mL solutions of adsorbate containing 150 to 230 mg/L of Pb2+
from the 1000 mg/L Pb2+ stock solution prepared by dissolving Pb(NO3)2 into DI water.
This range was selected based on the natural levels of lead in soil (range between 50 and
400 mg/L). Samples were then shaken using a mechanical shaker at 200 rpm for 24 h (3
replicates were done for each test). Supernatants were then filtered through Whatman No.
1 filter paper. (As a test to determine if Pb2+ was adsorbed or retained on the filter paper,
an aqueous Pb(NO3)2 solution (150 mg/L) was filtered through the filter paper and the
23

Pb2+ concentration in the filtrate was measured. It was found that the Whatman No. 1
filter paper can hold about 3.3% total wt. of Pb2+ in solution. This was easily washed out
from the filter paper with additional DI water). The Pb2+ concentration remaining in the
filtrate was measured with atomic absorption spectrometry (AAS) and the amount of Pb2+
removed by adsorption was calculated by:
𝑞𝑒 =

𝑉(𝐶0 − 𝐶𝑒 )
𝑀

Here qe is the amount of Pb2+ (mg) removed per gram of CMBC, Co and Ce are
the initial and equilibrium Pb2+ concentrations (mg/L) in solution, V is the solution
volume (L), and M is the CMBC weight (g).
2.3.6

Column sorption studies
The CMBC (1 g) was mixed with hot water producing a slurry that was packed

into a glass column (20.0 x 1.0 cm) avoiding air entrapment. A small quartz wool plug
was used to prevent any escape of CMBC. The bed height was 5.0 cm. The column was
loaded with Pb2+ solution (150 mg/L and pH = 5.0) infiltrated downward through the
column under gravity with a flow rate of 2.5 mL/min. Effluents were collected and
analyzed until Pb2+ concentration became close to the 150 mg/L.
2.4
2.4.1

Results and discussion
Chitosan-modified biochar characterization
The FTIR spectra for chitosan, NMBC, and CMBC are shown in Fig. A.1

(Supplementary materials). The IR bands from 3300 to 3500 cm-1 are characteristic of NH and O-H stretching vibrations. Chitosan (Fig.A.1 (a)) shows the typical FTIR spectrum
of chitosan with N-H and O-H vibrations centered in the 3300 to 3500 cm-1 regions and
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sp3- hybridized C-H stretching at 2871 cm-1. The bands at 1653 cm-1 and 894 cm-1 are due
to the N-H bending and N-H wagging respectively. The NMBC surface has a large
number of alcohols and ethers (sp3-C-O and sp2-C-O stretching 1124-1205 cm-1),
phenolic O-H (3200-3550 cm-1), and cyclic alkene (1566-1650 cm-1) which can be seen
in the Fig. A.1 (b). The CMBC surface contains amine and amide functional groups from
chitosan and a few functional groups from the biochar including phenolic OH and
carbonyls (Fig. A.1 (c)).
Thermogravimetric analysis (TGA) of chitosan, NMBC, and CMBC are shown in
Fig. 2.1(a). All of these materials exhibit initial weight losses of 4 – 10 % from 50-100 oC
due to the loss of moisture. The NMBC starts to decompose just above 300 oC and lose
about 90% of its mass by the time it reaches 480 oC 18 min later. CMBC exhibits two
major weight drops. The first in the range of 220-290 oC due to chitosan decomposition.
The second weight drop occurs from 300 to 530 oC and can be attributed to both biochar
decomposition and the thermal reactions between the decomposing biochar and chitosan
residues. The first weight drop accounts for about 20 % of the weight of the sample, thus
the CMBC TGA curve suggests that about 5 % wt. becomes chitosan residues reacted
onto the decomposing char out of the initial chitosan ~ 25 % mass percentage present
from the original synthesis of CMBC. Fig 2.1(b) shows the DSC curves for the chitosan
and CMBC. The negative values of heat evolution observed beginning at 130 oC and
continuing through 170 oC correspond to an endothermic phenomenon which could be
due to the dehydration, nonbound water loss, and loss of low molecular weight organic
compounds.45, 46 Chitosan and CMBC show exothermic peaks around 300 oC which may
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relate to the decomposition of amine groups.47 A small endotherm for NMBC exists at ~
170 oC.

Figure 2.1

(a) Thermogravimetric analysis and (b) differential scanning calorimetry
analysis for chitosan, CMBC, and NMBC at a heating rate of 10 oC/min
under air.

The elemental composition of biochar depends on a variety of factors such as
feedstock type, pyrolysis residence time, temperature, and heating rate. The C and N
composition of both NMBC and CMBC from combustion analysis are given in the Fig.
A.2. The instrument response for N in CMBC indicates the presence of chitosan. No N
was detected in the NMBC sample (Table A.1). The N in the CMBC accounts for about
4.6% of the weight of the CMBC indicating 25/75 chitosan/biochar wt./wt. mixture. This
compares well to the 25% chitosan composition derived from the weight gain obtained
from the synthesis of CMBC. The ~20% mass loss in the 220 – 290 oC portion of the
TGA shows that about one fifth of the chitosan adsorbed still remained on the biochar at
temperatures above 290 oC.
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The N2 BET adsorption isotherm (Fig. A.3) and pore size distributions (Fig. A.4)
of CMBC and NMBC demonstrate that more N2 is adsorbed by CMBC than by NMBC
except in the low-pressure region. The single point surface area of CMBC (7.13 m2/g) is
smaller than that of NMBC (10.5 m2/g), while the total average pore volume of CMBC
(0.160 cm3/g) is higher than that of the NMBC (0.091 cm3/g). This is likely due to
blockage of some small biochar pores by chitosan on CMBC, which leads to the high
average total pore volume (Table A.1). Both biochars have a large amount of well
distributed mesopores with different sizes (Fig. A.4) and negligible micropores (Table
A.1).
The ζ-Potential of CMBC under different solution pH values is shown in Fig.
A.5. ζ-Potential measures the surface charge present at different solution pH values.
CMBC has point of zero ζ-Potential at pH 9.5. Below this pH, the CMBC surface charge
is positive, while above pH 9.5 the surface is negative. At pH 7- 12, Pb(OH)+ and
Pb(OH)2 are the major lead (II) species present in solution and both species will
precipitate in this pH range.
The morphological structures of CMBC and NMBC were investigated before lead
adsorption using SEM and TEM. SEM images (Fig. A.6 (a-b)) of NMBC illustrate that
the original mesoporous cell structure morphology of the pine wood largely remains after
fast pyrolysis for 20 to 30 s at 425 °C. Areas of the surface pore structure appear to be
blocked or partially obscured by deposited chitosan in the CMBC (Fig. A.6 (c-d)).
TEM/EDX analysis reveals no nitrogen on NMBC (Fig. A.7 (a)) versus
substantial surface region nitrogen (5.4 wt.%) on CMBC (Fig. A.7 (b)) for the selected
sample area, confirming chitosan modification in this surface region. Element mapping of
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N clearly shows that the N is uniformly and densely distributed over the region mapped
on the CMBC surface.
2.4.2
2.4.2.1

Batch sorption studies
Effect of pH on adsorption
The Pb2+ adsorption of CMBC and NMBC at different initial pH values is shown

in Fig. 2.2. The maximum pH studied was 5 to avoid Pb2+ precipitation (another
remediation technique).48 Pb2+ removal by CMBC at equilibrium is more than two times
higher than that of NMBC at every solution pH except at pH 2. Lead removal by both
CMBC and NMBC increases with increased pH, as expected from the ζ-potential data,
which shows decreasing positive surface charge with increased pH. However, the
maximum removal of Pb2+ is at pH 5, where the net surface charge is positive and lead
ion repulsion still exists. Therefore, the mechanism of Pb2+ adsorption on CMBC must
include specific non-electrostatic interactions to achieve this removal. Possible
mechanisms include specific sorption by amine group coordination of Pb2+, physical
attraction, precipitation, and reduction.
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Figure 2.2

2.4.2.2

Percentage removal of lead at equilibrium by NMBC and CMBC at
different pH values by 0.05 g adsorbent in 25 mL of aqueous Pb(NO3)2,
concentration = 150 mg/L at 25 °C.
Adsorption mechanisms

2.4.2.2.1

pH dependent mechanism

The possible Pb2+ ion adsorption sites on CMBC include the chitosan amino groups,
biochar carboxylic acid groups and the aliphatic hydroxyl groups on chitosan and
phenolic biochar hydroxyls. Many studies have explored the effect on the chitosan amine
group in metal chelation and reported that the C, O, and H atoms are not involved in the
lead adsorption.34, 35 In this study, the maximum percentage removal was observed at pH
5, (see Fig. 2.2) where the surface charge is positive (below the point of zero ζ-potential).
The surface coating of chitosan on the CMBC surface in water undergoes a pH dependent
protonation equilibrium at its primary amine functions.49 Since the chitosan used had
85% of its -NHCOCH3 functions hydrolyzed to amine groups, 85% of its
monosaccharide rings contain primary amine functions.
Depending on the solution pH, chitosan’s basic -NH2 groups will undergo
protonation to -NH3+. As the pH rises, the fraction of amine sites that is protonated drops,
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as illustrated in Table A.2.50 Chitosan adsorbs Pb2+ ions by amino group coordination to
Pb2+ ions. This is shown in Scheme 2.2. As the pH drops (more acidic), less Pb2+ is
adsorbed. Strong acids should increasingly remove Pb2+ from the adsorbent.
Scheme 2.2

Chitosan’s amino group coordination with Pb2+ ions

As noted in Table A.2, at pH 5 only about 5-6% of the chitosan amine groups are
not protonated. Nevertheless, every monomer ring has an -NH2 or -NH2+ function. Thus,
even at pH 3, the chitosan can adsorb a substantial amount of Pb2+ by amine
coordination.
Surface carboxylic acid sites on the biochar can also complex Pb2+ as they do with
Ca2+ and Mg2+ ions via chelation, 2RCOO- + Pb2+→[(RCOO-)2 Pb2+].24 These are acidic
sites (pKa ~ 4.20-4.75) because their carboxylate conjugate bases are stable and complex
metal cations like Pb2+.
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2.4.2.2.2

Mechanistic studies by FTIR and XPS

Comparing the FTIR spectra before and after Pb2+ adsorption suggests the nature
of Pb2+ adsorption occurring on the CMBC surface (Fig. 2.3). A small N-H vibration
band shift from 3282 to 3290 cm-1 is observed after Pb2+ adsorption. This indicates the
attachment of Pb2+ to the N group affecting the N-H vibration. This observation is in
parallel to a previous study where binding of iron ions to NH2 group of chitosan shifted
the N-H bending vibration from 1638 to 1681 cm-1.51 Moreover, the subtracted spectrum
(Fig. 2.4) clearly indicates the transmittance drops in the 3534, 1612, 1396 and 1045 cm-1
regions, which are related to the N-H stretching, bending, scissoring and wagging, and CN stretching bands respectively. All of these changes could be attributed to Pb2+ ions
binding onto the amino groups. These results are in accord with those already reported
for the Pb2+ adsorption on chitosan/PVA hydrogels.35

Figure 2.3

FTIR spectra of CMBC (a) before lead adsorption (b) after lead adsorption.
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Figure 2.4

The subtracted FTIR spectrum from spectra obtained before and after lead
adsorption onto CMBC.

XPS is a powerful tool for studying the surface/near surface (~100 Å) chemistry
of a material. Fig. A.8 (a) shows the chitosan XPS spectrum and Figs. A.8 (b) and (c) show
the XPS spectra for CMBC before and after the lead adsorption. Nearly identical peak
positions with different intensities were observed with chitosan and CMBC illustrating the
successful coating of chitosan on the biochar surface. Following adsorption, the 4f peak
for lead appears in Fig. A.8 (c) indicating the adsorption of lead on the surface of CMBC.
High resolution XPS spectra of chitosan and CMBC before and after lead
adsorption (Fig. 2.5) revealed the presence of two N 1s peaks upon deconvolution. Both
amide nitrogen at 400.43 eV and amine nitrogen at 399.26 eV are present for this ~ 85%
deacylated chitin. The peak at binding energy 400.43 eV is attributed to the N atom in the
R-NHCOCH3 (amide) group, and the peak at binding energy 399.26 eV is attributed to
the N atom in the R-NH2 group (chitosan).52 Each peak’s relative intensity is proportional
to the percentage of each component in that material (Fig. 2.5(a)).
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The XPS N 1s spectrum of CMBC has three resolved peaks with binding energies
of 399.33, 400.19, and 401.68 eV (Fig. 2.5 (b)). The binding energy of the first two
match the XPS spectrum of chitosan. This indicates that the functional groups of chitosan
remained on the biochar surface even after the chitosan coating modification of the
biochar. The additional peak at a binding energy of 401.68 is attributed to the N atom in
the protonated R-NH2 group confirming that a positive charge is present on the biochar
surface as shown from the ζ- potential. After lead adsorption, CMBC exhibits four N 1s
peaks at binding energies of 399.16, 400.12, 401.56 and 402.31 eV (Fig. 2.5(C)). The
first three peaks belong to amine, amide, and protonated amine N atoms, similar to the
previous XPS spectrum of CMBC before lead adsorption. The fourth N peak at 402.31
eV is attributed to amine functions coordinated to Pb2+ sites [ R-NH2  Pb2+ and/or (RNH2)2Pb2+ chelated sites].
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Figure 2.5

2.4.2.3

High resolution N 1s XPS spectra of (a) chitosan and (b) CMBC before and
(c) CMBC after lead adsorption.
Sorption dynamics

The effect of temperature on lead adsorption was studied using 2 g/L of CMBC,
150 mg/L Pb2+, shaking for 24 h, pH of 5 at 298, 308, and 318 K. Significant lead
adsorption was observed within 1 h and equilibrium was reached after approximately 6 h
(Fig. A.9). The amount of lead adsorption at 298 and 308 K were similar, while greater
adsorption occurred at 318 K, suggesting endothermic behavior. All kinetic studies were
carried out over 6 h to ensure that equilibrium was achieved.
The effect of Pb2+ concentrations on adsorption was studied using 25 mL of 150,
175, and 230 mg/L lead solutions, 2 g/L of CMBC, and 6 h shaking at pH 5. Adsorption
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capacity increased with increasing initial lead concentration, and a significant adsorption
capacity increment was observed upon increased Pb2+ from 175 mg/L to 230 mg/L (Fig.
A.10).
2.4.2.4

Adsorption kinetics
The pseudo first order linear kinetics model53 was fit to
log(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑜𝑔𝑞𝑒 −

𝑘1 𝑡
2.303

where, qt is the amount of lead adsorbed at time t, qe is the amount adsorbed at
equilibrium, and k1 (h-1) is the first order adsorption rate constant. Plots of log(𝑞𝑒 − 𝑞𝑡 )
versus t can be found in Fig. A.11 for lead solutions of 150, 175, and 230 mg/L at 298,
308, and 318 K. The parameters, correlation coefficients (0.915-0.970) for the first order
kinetics model and the calculated verses observed qe values (Table A.3) were not
satisfactory. Thus, pseudo second order fittings were conducted.
The linear version of the pseudo second order kinetics model54 is given by,
𝑡
1
𝑡
=
+
2
𝑞𝑡 𝑘2 𝑞𝑒 𝑞𝑒
where, qt is the amount of lead adsorbed at time t, qe is the amount adsorbed at
equilibrium, and k2 (h-1) is the second order adsorption rate constant. Linear plots of t/qt
vs t (slope of 1/qe) are shown in Fig. A.12. The second order kinetic model parameters for
the lead solutions of 150, 175, and 230 mg/L at 298, 308, and 318 K are provided in
Table 2.1. The correlation coefficients for the second order kinetics model are all larger
than 0.991, and the calculated qe values and the experimental qe values matched well. We
conclude lead adsorption on CMBC is second order.
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Table 2.1

Pseudo-second order parameters for lead adsorption (pH = 5) at (a) 298 K,
(b) 308 K, and (c) 318 K for Pb2+ concentrations of 150, 175, and 230
mg/L, using 2 g CMBC/L
Pseudo-second order parameters on CMBC
Temp. Initial conc. qe exp. qe calc.
k2
R2
(K)
(mg/L)
(mg/g) (mg/g) ( g m/g/ h)
150
63.8
62.5
0.085
0.999
298
175
79.6
71.4
0.049
0.991
230
88.3
83.3
0.072
0.996

2.4.2.5

308

150
175
230

63.6
76.1
91.3

66.7
83.3
90.9

0.056
0.048
0.061

0.998
0.999
0.996

318

150
175
230

73.4
79.5
96.1

76.9
83.3
100

0.084
0.072
0.100

0.999
0.998
0.999

Adsorption isotherm models
The lead adsorption on CMBC was studied using different adsorption isotherm

models. Adsorption isotherm data were collected at 298, 308, and 318 K, Pb2+
concentrations from 3 - 350 mg/L, using a 12 h shaking period. The data was evaluated
using the two parameter Langmuir55 and Freundlich,56 models applying a nonlinear
regression calculated employing OriginPro 2016 software (Fig. A.13).
The endothermic behavior of lead adsorption on CMBC is further indicated by the
adsorption isotherm studies, which show greater amounts of adsorption at higher
temperatures. The isotherm parameters are shown in Table 2.2. Pb2+ uptake is
endothermic for oak wood and oak bark biochar,2 as well as pine wood and rice husk
biochar.57 Higher temperatures also favored significant increases of Cu(II) and Zn(II)
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adsorption onto corn straw and hardwood biochars.58 The chitosan coating renders
CMBC surfaces amine-group rich, hence chemically different than biochar surfaces.
The Langmuir model provided a better fit than the Freundlich model with R2
values all greater than 0.988. This favors a proposed monolayer lead adsorption
mechanism (an assumption in the Langmuir model) for Pb2+ ion binding. This
observation is consistent with previous studies of heavy metal ion adsorption onto aminefunctionalized materials.59 In a previous study of Pb2+ adsorption on magnetic (containing
Fe3O4) char, diffusion controlled adsorption was suggested at low Pb2+ concentrations
and monomolecular adsorption at high Pb2+ concentrations.60
Table 2.2

Langmuir and Freundlich model parameters for Pb2+ adsorption on CMBC
Model
Langmuir
Freundlich

Isotherm Parameters
Q0 (mg/g)
b
R2
Kf (mg/g)
n
R2

298 K

308 K

318 K

50.5
103
134
0.0791 0.0149 0.0113
0.996 0.994 0.988
13.5
6.58
6.33
3.82
2.09
1.93
0.999 0.996 0.994

Lead adsorption on CMBC is mainly due to the chitosan amine functions
coordinating to Pb2+ with additional adsorption by the biochar. The CMBC Langmuir
adsorption capacity is 134 mg/g at 318 K compared to a value of 48.2 mg/g for the
NMBC, despite the fact that CMBC has only 68% of NMBC’s surface area. This value is
also much higher than previously reported biochar capacities for the lead adsorption
(Table 2.3).
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Adsorbent

308
293

5

4.5

5.0

Chitosan and pyromelliticmodified rice straw biochar
(CPMB)

Chitosan

Carbon F-400

278
298
323

298
303

Not
available

Not
available

Chitosan-modified potato peel
biochar

298

318

0.125-100

10-1000

5-500

Not available

2-100

10-350

50-350

298
308
318

5.5

5.0

Conc. range
(mg/L)

Temp.
(K)

Chitosan-modified bamboo
biochar (BB-C)

Non-modified pine wood
biochar
(NMBC)

5.0

pH

984

Not
available

62.6

Not
available

166.9

10.5

7.13

Surface
area
(m2/g)

44.3
30.1
25.2

0.558
(mmolg-1)

13.93

9.24
11.91

0.147

14.3

48.2

50.5
103
134

Pb2+
adsorption
capacity
(mg/g)

0.0450
0.0306
0.0256

-

0.22

0.15
0.19

-

0.085

4.59

7.08
14.4
18.8

Pb2+
adsorption
capacity
(mg/m2)

2

61

39

40

34

This study

This study

Ref.

Comparison of CMBCs’ Pb2+ adsorption capacity with those of pine wood, bamboo, potato peel biochar, chitosan,
and activated carbon (Carbon F-400)

Chitosan-modified pine wood
biochar
(CMBC)

Table 2.3

2.4.3

Fixed-bed studies
A column (length = 20 cm; diameter = 1 cm) packed with 1 g of CMBC was used

to study Pb2+ sorption. A gravity propelled Pb2+ solution (150 mg/L, pH = 5) ran through
the column at flow rate of 2.5 mL/min until column saturation was reached. A
breakthrough curve using the normalized concentration (Ce/Co) versus time is shown in
Fig. 2.6.

Figure 2.6

CMBC breakthrough curve (Pb2+ concentration = 150 mg/L, pH = 5).

The column parameters were obtained by analyzing the column experimental
data. Following mathematical expressions were used.62
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Where tx is the total time involved for primary adsorption zone establishment , tδ
is the time for the primary adsorption zone (PAZ) to move down to its length, δ is the
length of the primary adsorption zone, f is the fractional capacity, D is the bed depth, tb is
the time required for initial PAZ formation, Fm is the mass rate of flow to the adsorber, Vb
and Vx are the total effluent mass quantity per unit adsorbent area at the breakpoint, and
the total effluent mass quantity per unit adsorbent area when adsorbent is approaching
saturation, respectively. Cx is the effluent concentrations at Vx. The percent saturation of
column at breakthrough, bed volume, and the empty-bed-contact-time (EBCT) were also
calculated. Table 2.4 summarizes the values of all the column parameters. The obtained
column capacity (5.8 mg/g) is significantly lower than batch adsorption capacity (134
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mg/g). This observation is similar to those reported for Pb2+ adsorption by tea waste and
modified activated carbon.7, 63
Table 2.4

Fixed bed parameters for Pb2+ adsorption by CMBC
Parameters
Column diameter (cm)
Column radius (cm)
Bed volume (cm3)
Column capacity (mg/g)
Breakpoint capacity (mg/g)
Co (mg/mL)
Cx (mg/mL)
Vb (mg/cm2)
Vx (mg/cm2)
tx (min)
Fm (mg/cm2/min)
D (cm)
tb (min)
tδ (min)
F
δ (cm)
EBCT (min)
Saturation (%)

2.5

Values
1.0
0.5
3.9
5.8
0.16
0.15
0.13
6.5
12.1
110
0.11
5.0
55
50.5
-0.09
2.5
1.6
45.50

Conclusions
Pine wood biochar was modified through a surface deposition of chitosan which

greatly increased the Pb2+ adsorption capacity. Chitosan deposition allowed rapid flow
through columns or beds due to the biochar particle sizes. Maximum lead removal
occurred at pH 5 and 318 K displaying the pH dependent and endothermic behavior for
lead adsorption. Pseudo-second order kinetics provided the best fit with regression
coefficients of 0.991 or greater. Sorption was evaluated from 298 to 318 K using the
Freundlich and Langmuir isotherm models and best fit observed with the Langmuir
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model. A fixed-bed column study for Pb2+ showed a column capacity of 5.8 mg/g. The
Pb2+ adsorption mechanism on CMBC biochar was mainly controlled by the coordination
between the chitosan amine groups and Pb2+ ions based on FTIR and XPS evidence.
CMBC has great potential for heavy metal contaminant removal from aqueous solution.
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CHAPTER III
FAST NITRATE AND FLUORIDE ADSORPTION AND MAGNETIC SEPARATION
FROM WATER ON α-Fe2O3 AND Fe3O4 DISPERSED ON DOUGLAS FIR BIOCHAR
(Published in Bioresour. Technol. 2018, 263, 258-265)
3.1

Abstract
α-Fe2O3 and Fe3O4 dispersed on high surface area (663 m2/g) Douglas fir biochar

(BC) was prepared for fast nitrate and fluoride ion removal from water using magnetic
separations. This biochar, made originally at 900 °C, was impregnated with FeCl3 and
converted by pyrolysis at 600 °C to magnetic (494 m2/g) biochar (MBC). MBC and its
precursor BC were characterized using SEM, SEM-EDX, STEM, SBET, PZC
measurements, XRD analysis, and XPS. Dispersed α-Fe2O3 and Fe3O4 particles caused
magnetization and generated most adsorption sites, causing more nitrate and fluoride
uptake than BC. Both nitrate and fluoride adsorption on MBC remained high over a pH
range from 2 to 10. Sorption was evaluated from 298 to 318 K using the Langmuir and
Freundlich isotherm models. Langmuir adsorption capacities were 15 mg/g for nitrate and
9 mg/g for fluoride, higher capacities than those reported for other biochar and iron oxide
adsorbents.
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3.2

Introduction
Ground water contamination by toxic heavy metals (Pb2+, Cd2+, Hg2+, As3+),

inorganic anions (NO3-, F-, PO43-, CrO42-), and organic compounds (carbamazepine,
nonylphenol, estrone), has recently increased in many locations.1-3 Application of nitratecontaining fertilizers satisfies the demand for nitrogen, an essential primary plant nutrient
4

, but creates major nitrate run-off problems.5 Agricultural nutrients migrate into the

world’s lakes, rivers, and oceans. Massive nitrate and phosphate run-off feeds algae
blooms, leading to eutrophication and ultimately “dead zones”.6 Excess human nitrate
ingestion can induce “blue-baby syndrome” (methemoglobinemia).7 The US
Environmental Protection Agency (USEPA) National Pesticides Survey found 1.2% of
public water systems and 2.4% of private drinking water wells have nitrate
concentrations above the USEPA’s maximum nitrate contaminant level (MCL) of 44
ppm.8
Fluoride ground water contamination is caused by weathering of rocks and soils
enriched by fluoride (CaF2) and fluorapatite (FAP) [Ca5(PO4)3F].9 Excess fluoride in
drinking water causes dental and skeletal fluorosis affecting millions of people
worldwide. The maximum fluoride limit in drinking water is 1.5 ppm set by World
Health Organization (WHO) regulations.10 Prolonged water intake with > 1.5 ppm of
fluoride causes dental fluorosis, whereas consumption > 4 ppm of fluoride results in
skeletal fluorosis.11 Effective treatments are available to decontaminate nitrate and
fluoride from water but are often accompanied by significant costs. Lower cost fluoride
treatments being studied or applied in Africa have been recently reviewed.12 Fluoride
adsorption is applied due to its ease of application and cost effectiveness. The need for
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low cost and highly efficient nitrate and fluoride adsorbents has spurred extensive
research during the past decade.13, 14
Biochar is a made by pyrolysis of biomass. Large amounts of by product biochar
from bio oil production from future biorefineries could enhance its availability. A decade
of research has demonstrated biochar’s potential as a low cost adsorbent to remove
contaminants from water.15, 16 Many biochars have been modified, enhancing their
adsorption properties.17
Rapid magnetic separation of pollutant-laden biochar from treated water can be
achieved when chemical coprecipitation (Fe2+/Fe3+, NaOH) deposits Fe3O4 onto biochar
generating a magnetic material.18 Contaminated water is usually run through columns or
filter beds of adsorbent. However, small particle-sized, high surface area sorbents cause
pressure drops, slowing flow rates. Magnetic attraction enables separation from batch
processes of small particle sorbents, avoiding slow filtration. Magnetic biochars can also
be prepared by impregnating biomass with iron ions and pyrolyzing this to biochar,
during which Fe0 or magnetic iron oxides form on the chars.19 α-Fe2O3 and Fe3O4 have
been used as adsorbents to remove environmental contaminates.20, 21 Incorporating of αFe2O3 and Fe3O4 into biochar forms a magnetic hybrid biochar/α-Fe2O3/Fe3O4 composite
containing active α-Fe2O3 and Fe3O4 surface sites to remove contaminates. Moreover, αFe2O3 and Fe3O4 particle aggregation is reduced on biochar surfaces. This dispersion
increases iron oxide surface areas and adsorption capacities. Finally, by depositing the
small iron oxide particles on larger biochar particles, flow through columns is improved.
A hybrid adsorbent’s properties can exceed those of its individual components.22 Other
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biochar/α-Fe2O3 and biochar/Fe3O4 composites were used to adsorb Cr(VI) 23 and
pharmaceuticals.24
We now report preparing a biochar/α-Fe2O3/Fe3O4 adsorbent by pyrolyzing a
porous, high surface area, waste Douglas fir biochar from a bio-syn gas plant, which
rapidly adsorbed nitrate and fluoride from water. Nitrate removal is difficult due it’s high
water solubility. MgO-biochar sorption of nitrate has been studied.25 Both magnetized
and nonmagnetic corn stover, pine wood and bark biochars have been used for fluoride
sorption.26, 27 Biochar/α-Fe2O3/Fe3O4 composites might provide an effective adsorbent
that can be magnetically removed from stirred tank batch processes or speed flow
through columns by supporting tiny iron oxide particles or larger biochar supports.
3.3
3.3.1

Experimental
Chemicals and equipment
GR or AR grade reagents were used (Sigma Aldrich, Saint Louis, MO) unless

otherwise specified. Aqueous stock solutions of 1000 ppm NO3- and F- were prepared by
dissolving KNO3 and NaF in deionized (DI) water. The pH was adjusted using 0.1 M
H2SO4 and 0.1 M NaOH. pH measurements were conducted using a Hanna HI 2211 pH
meter.
3.3.2

Preparation of Douglas fir biochar
Douglas fir biochar, obtained from Biochar Supreme (Everson, WA), is a by-

product from waste wood gasification to syn gas. Green Douglas fir chips (~ 3 inch
lengths) were Auger-fed to an updraft gasifier at 900–1000 °C for a ~1 s residence time.
The resulting biochar was thoroughly water-washed several times removing ash and other
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impurities, dried in air, ground, sieved to a 75 µm to 150 µm particle size range, and
stored in closed vessels. This biochar is designated as BC.
3.3.3

Preparation of magnetic biochar
The preparation of this biochar/α-Fe2O3/Fe3O4 was similar a reported method.22

BC (50 g) was immersed with stirring into aqueous 2, 3.5, and 5 M FeCl3 (500 ml) for 24
h and then were filtered (Whatman No. 1 filter paper). The wet biochar was pyrolyzed in
a furnace at a heating rate of 10 °C/min to 600 °C under N2 and held at 600 °C for 1 h.
The hot biochar was then cooled to 200 °C under N2 followed by cooling in air to room
temperature. The biochar/α-Fe2O3/Fe3O4 composite was thoroughly washed with DI
water and dried under air for 24 h at 70 ºC. This magnetized adsorbent is designated as
MBC. The overall yield was 89.8%, calculated based on the original raw biochar (BC).
3.3.4

Biochar characterization
The BC and MBC surface morphologies were examined by scanning electron

microscopy (SEM) using a JEOL JSM-6500F FE-SEM operated at 5 kV. SEM/EDX
samples were applied to a carbon stub attached to carbon tape, and then attached to a
sample holder. EDX analysis employed a Zeiss EVO 40 scanning electron microscope
containing a BRUKER EDX system. Scanning transmission electron microscopy
(STEM) analysis was conducted using a JEOL model 2100 TEM operated at 200 kV.
Samples (~ 10 mg) were mixed with ~ 0.5 mL of 100% ethanol, sonicated for about 4
min, deposited on carbon film on a 300-mesh copper grid, and allowed to stand overnight
before analysis.
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Surface areas and pore size distributions were determined using nitrogen
physisorption at 77 K on a Micromeritics Tristar II Plus surface area analyzer. Samples
(~ 100 mg) were pre-dried on a Micromeritics FlowPrep 060 degas system at 180 ºC
under N2 for 1 h. Surface area and average pore diameter were determined using the
Brunauer-Emmett-Teller (BET) method, employing Micromeritics Tristar II Plus
software version 2.03, assuming the presence of uniform cylindrical pores. Quantitative
biochar iron analysis was determined by atomic absorption spectroscopy (AAS)
(Shimadzu AA-7000) using an iron solution standard. Complete acid digestion used 0.1 g
of biochar in 50.0 mL of aqua regia (1:3 70% HNO3 / 37% HCl) for 1 h at 60 °C with
stirring dissolved iron. Solutions were diluted 15 fold with deionized water prior to AAS
analysis.
The point of zero charge (PZC) of BC and MBC was determined using 0.01 M
NaCl aqueous solutions adjusted to pH values from 3 to 11 with 0.1 M NaOH or 0.1 M
HCl. About 0.05 g of adsorbent was added to 25 mL of these solutions. They were
agitated for 5 min and the filtrates pH were measured. Plotting the initial solution pH
versus the final solution pH provided the PZC. Crystallographic phases were analyzed by
X-ray diffraction (XRD) using a Rigaku ultima III X-ray diffraction system by scanning
2θ from 0° to 80° at 4 °/min. An XRD spectrum was also obtained using a Rigaku
SmartLab X-ray diffraction system under the same conditions.
Surface and near surface MBC analysis was performed by X-ray photoelectron
spectroscopy (XPS). A Thermo Scientific K-Alpha XPS system equipped with a
monochromatic X-ray source at 1486.6 eV (Al Kα line) was used. High resolution spectra
were obtained for C, O, Fe, N, and F. High-resolution data plots were deconvoluted by
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assigning different numbers of peaks to get the best fit (the highest correlation
coefficient) to the experimental values by applying a Gaussian method employing
OriginPro 2017 software.
3.3.5

Adsorption studies
Batch sorption studies were conducted to determine solution pH, contact time,

and adsorbate concentration effects on uptake. Kinetic studies were carried by adding
0.05 g of MBC to 25 mL solutions of adsorbate and swirling samples at 200 rpm for from
5 min to 2 h. Vials were periodically withdrawn and the adsorbent was immediately
removed magnetically. Fluoride concentrations in the remaining adsorbate solutions were
analyzed with a double beam UV-Vis spectrophotometer using SPADNS reagent 28 at
580 nm. Nitrate was quantified by LC-UV at 210 nm. Equilibria were achieved within 10
to 15 min for all fluoride and nitrate adsorptions. All the experiments were repeated in
triplicate. Standard errors were calculated using the standard deviations of these
replicates. Standard error bars were included in all plots. Very small deviations were
observed, which confirm that using 0.05 g of adsorbent samples is reasonably
representative of the full MBC sample.
Nitrate adsorption isotherms were determined using solution concentrations from
10 to 100 ppm with 0.05 g of MBC. Samples were mechanically shaken for 10 min
(equilibration occurred in < 10 min as demonstrated in kinetic experiments) at 298, 308,
and 318 K. Solution nitrate concentrations after adsorption were then analyzed. Fluoride
adsorption isotherms were determined similarly for all three temperatures, at 1 to 60 ppm
concentrations after 5 min of shaking (equilibration was completed in < 5 min during
kinetic experiments).
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The amount of nitrate and fluoride removed by adsorption was calculated by:
𝑞𝑒 =

𝑉(𝐶0 − 𝐶𝑒 )
𝑀

Here qe is the amount of nitrate/fluoride (mg) removed per gram of MBC, Co and
Ce are the initial and equilibrium nitrate/fluoride concentrations (ppm) in solution, V is
the solution volume (L), and M is the MBC weight (g).
3.4
3.4.1

Results and discussion
Char characterization
XRD was used to identify iron oxide phases. MBC exhibited several strong and

sharp peaks in the 2θ range of 0 to 80° (Fig. 3.1), indicating α-Fe2O3 and Fe3O4
crystalline phases were present. The major peaks and their indexed planes at 30.04°
(220), 35.44° (311), 43.03° (400), 54.03° (422), 56.95° (511), and 62.89° (440) (Fig. 3.1
labeled in black) matched magnetite (JCPDS file No. 75-0033), confirming the successful
formation of crystalline Fe3O4 29 on the biochar. The major peaks and their indexed
planes at 24.08° (012), 33.07° (104), 35.44° (110), 40.78° (113), 49.38° (024), 54.03º
(116), 62.48º (214), and 64.01° (300) (Fig. 3.1 labeled in red) matched well with
crystalline hematite (α-Fe2O3) (JCPDS file No. 33-0664) 30 on the biochar.
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Figure 3.1

XRD spectrum of MBC in the 2θ range of 0 to 80° (indexed planes for αFe2O3 and Fe3O4 are distinguished by color).

Differentiation of crystalline forms of iron oxide mixtures such as Fe3O4, α-Fe2O3
and γ-Fe2O3 by XRD can be difficult because they have similar XRD patterns and
common index planes. However, γ-Fe2O3 exhibits known peaks at 23.77º (210) and
26.10º (211), which neither Fe3O4 nor α-Fe2O3 display. These two peaks distinguish γFe2O3 from both Fe3O4 and α-Fe2O3.31 In pure γ-Fe2O3, the intensities of these two peaks
are much higher than the intensity of the 18.40º (111) peak, which is exhibited by both γFe2O3 and Fe3O4.29 A lack of peaks at 18.40º (111), 23.77º (210), and 26.10º (211)
conclusively verifies the absence of γ-Fe2O3 phase formation in the MBC. Zhang 30
suggested that α-Fe2O3 can be reduced by H2 (which may be emitted from the hot BC
during its conversion to MBC) to form Fe3O4. During the 600 ºC pyrolysis of the FeCl3impregnated biochar, some further carbonization can occur generating H2, CO, and CO2.
This reducing environment could convert some Fe(III) to Fe(II) and even Feº. Upon
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exposure to oxygen, any nano Feº regions can oxidize to Fe(II) and Fe(III) oxides. Fe3O4
particles appeared more abundant on MBC than α-Fe2O3 by SEM.
XPS characterizes the surface chemistry oxidation states.32 XPS analysis
supported the formation of only α-Fe2O3 and Fe3O4, but no γ-Fe2O3 or FeOOH was
observed during MBC preparation. A low intensity iron peak was observed on the MBC
XPS survey spectrum, illustrating the successful formation of the biochar/α-Fe2O3/Fe3O4
composite (Supplementary Fig. B.1(a)). The XPS high resolution Fe 2p spectrum of
MBC (Fig. 3.2) has peaks at binding energies that are characteristic Fe 2p3/2 and Fe 2p1/2
doublets of core-shell iron oxide electrons. Deconvolution of these Fe 2p peaks gave
excellent fits with two peaks each for the 2p sub shells of both Fe2+ and Fe3+,
demonstrating the presence of these two iron oxidation states in the MBC iron oxides.
The binding energies at 710.7 and 724.3 eV are consistent with the Fe3+ oxidation state in
α-Fe2O3.33 The slightly lower intensity pair of peaks at binding energies of 712.5 and
726.4 eV 34 and the satellite peaks at 717.8 eV 35 and 732.8 eV 36, are related to the Fe
2p3/2 and Fe 2p1/2 peaks, respectively. These belong to Fe3+ in Fe3O4. These satellite
peaks occur when the ejected photoelectron simultaneously interacts with a valence
electron, exciting it to a higher energy level. This interaction reduces the core electron
energy a few electron volts below the core level position resulting in the satellite
structure.37 In summary, both XRD and XPS confirm both α-Fe2O3 and Fe3O4 are present
in MBC.
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Figure 3.2

XPS spectrum of the Fe 2p3/2 and Fe 2p1/2 (Deconvoluted peaks in green).

The BET surface area of MBC (494 m2/g) was lowered from that of its precursor
BC (663 m2/g). The average pore diameter of MBC (2.89 Å) is also smaller than that of
the BC (21.4 Å). This could be due to the filling or blocking of the large BC micropores
by α-Fe2O3 and Fe3O4 particles, which leads to a lower average pore diameter. Also,
heating BC impregnated with FeCl3 to 600 ºC may have altered its micropore
morphology during conversion to MBC.
At the point of zero charge pH, the net surface charge is zero. MBC has a net
point of zero charge at pH 11(Supplementary Fig. B.2). Below pH 11, the MBC surface
is positively charged, while above pH 11 the biochar surface is negatively charged. The
surface charge of the magnetized biochar is governed by the individual PZC values of
both the α-Fe2O3 and Fe3O4 particle surfaces and the biochar surface. The relative
contributions of the biochar and iron oxide surfaces are not known. Karunanayake et al 38
found that the PZC of BC was 9.5. When BC was magnetized by magnetite precipitation,
this product had a lower PZC of 7.5. This net 7.5 measurement, however, does not tell us
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the PZC value at either the biochar or the Fe3O4 surfaces. Pure Fe3O4 has a PZC of 7.0
and pure α-Fe2O3 has the PZC in the range of 6.5 to 8.5.39 MBC’s very high PZC value of
11 implies that the biochar portions of this hybrid adsorbent are very basic and dominate
the PZC measurement. The BC PZC value of 9.5 before FeCl3-impregnation and 600 ºC
pyrolysis rose to 11 in MBC. This increase in PZC may be due to an increase in surface
ash content during the 1 h 600 ºC pyrolysis after BC impregnation with FeCl3.40
However, the local PZC values at the Fe3O4 and α-Fe2O3 particle surfaces will differ from
net PZC value. This complication will present analysis complications with many hybrid
adsorbents.
The surface morphology of BC and MBC were analyzed using SEM. The SEM
image (Fig. 3.3(a)) of BC illustrates that the original xylem present in the Douglas fir cell
structure remains present. The macro pore opening sizes of the BC, ranging from 1 µm to
10 µm, are clearly observed. This is retained after the pyrolysis with FeCl3 to MBC,
although it became more fractured (Fig. 3.3(b)). The SEM image of the MBC (Fig.
3.3(b)) clearly displays the presence of octahedral Fe3O4 particles on the biochar surface
with a diameter range from 0.5 µm to 3.5 µm. These particles exhibit some clustering
aggregation in Fig. 3.3(b). These octahedral crystals agree with the Fe3O4 particle shape
reported previously of Fe3O4 hydrothermal synthesis.41 Roughly spherical Fe3O4 particles
smaller than one micrometer (100 nm to 300 nm diameters) were also observed in
abundance (Fig. 3.3(c)). These small particles were evenly distributed over specific
regions of the biochar surface without displaying a strong aggregation tendency. Changes
in the Fe3O4 particle shapes are size-dependent, with only the large particles (between 1
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to 5 µm) being octahedral. As the FeCl3 concentration of impregnation solutions rose to 5
M, the larger octahedral Fe3O4 particles increasingly predominated (Fig. 3.3(f)).

Figure 3.3

(a) SEM image of BC illustrates that the original xylem structure of the
Douglas fir biochar and the cell structure of the biomass feedstock, (b) The
SEM image of the MBC with micron-sized octahedral Fe3O4 particles on
the biochar surface, (c) Evenly distributed, smaller, rounded Fe3O4 particles
on the biochar surface, (d) Spindle-like α-Fe2O3 particles, (e) All three
types of iron oxide particles located close together but on separate surfaces,
(f) octahedral Fe3O4 particles without smaller rounded particles with 5 M
FeCl3 impregnation. Samples (b)-(e) were made from 2 M FeCl3
impregnation.

A third type of iron oxide particle was observed. These were the spindle shaped
α-Fe2O3 particles clearly observed in Fig. 3.3(d) using all starting FeCl3 concentrations.
These spindle shapes are consistent with SEM images for α-Fe2O3 particles previously
reported.42 In summary, SEM micrographs of MBC had both octahedral and smaller
semi-spherical Fe3O4 particles, and spindle-shaped α-Fe2O3 particles in the same SEM
image (Fig. 3.3(e)), confirming the composition determined by both XRD and XPS. The
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α-Fe2O3 spindles were observed at distinctly different locations than the rounded and
octahedral Fe3O4 (Fig. 3.3(e)). This suggests the surfaces on which α-Fe2O3 are found are
different than those were Fe3O4 is found, despite being located close to each other. The
relative and total Fe3O4 and α-Fe2O3 surface areas available for adsorption are unknown.
Qualitative elemental composition of the MBC surface was determined by SEMEDX (Supplementary Fig. B.3). Iron peaks (weight percentage 5.50% from 2 M FeCl3
impregnation) indicate these surface iron oxides on MBC. This weight percentage iron is
similar to the total bulk value of 7.52%, quantified using AAS after acid digestion. The
carbon EDX peak is solely from biochar. The oxygen observed is present on both biochar
surfaces and in α-Fe2O3 and Fe3O4 particles. The oxygen surface concentration is much
higher in the iron oxide particle locations. The chlorine peak is due to residual chloride
remaining from the treatment with FeCl3.
STEM elemental mapping further confirmed the presence of iron oxide particles
on the biochar surface (Supplementary Fig. B.4). The elemental mapping clearly shows
the distribution of carbon, residual chlorine, iron, and oxygen over the region mapped on
the MBC surface. The elemental map of iron and oxygen has overlapping, intensely
colored regions, indicating the existence of iron as iron oxides, with substantially lower
surface oxygen concentrations on the biochar.
3.4.2
3.4.2.1

Sorption studies
Effect of pH on adsorption
The nitrate and fluoride adsorbed by MBC remained high over the wide 2 to 9 pH

range (Fig. 3.4(a) and (b)). Removal of nitrate remained around 50% (Fig. 3.4(a)), while
fluoride removal stayed at approximately 60% or higher (Fig. 3.4(b)) over this entire pH
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range. Both nitrate and fluoride were still ~ 45% adsorbed at pH 10. Then a significant
drop in adsorption to 17% and 6%, respectively, occurred at pH 11. High nitrate and
fluoride removal by MBC from pH 2 to 10 is consistent with electrostatic adsorption and
MBC’s overall point of zero charge at about pH 11. The positively charged MBC surface
would attract both fluoride and nitrate below ~ pH 11. A removal mechanism dominated
by electrostatic interactions indicates Fe-F covalent bond formation does not remove
fluoride from water despite its large bond energy. In section 3.2.3. high resolution F 1s
XPS confirms that fluoride is removed by electrostatic interactions and not by Fe-F bond
formation.
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Figure 3.4

3.4.2.2

Percent removal of nitrate ((a) and (c)) and fluoride ((b) and (d)) by MBC
versus solution pH values (top left and right) and at different time intervals
(bottom left and right) using 0.05 g adsorbent in 25 mL of aqueous KNO3
(20 ppm NO3-) or NaF (10 ppm F-), respectively. The figure inset tables
show the error associated with each data point.
Adsorption kinetics

The time dependence of both nitrate and fluoride adsorption is shown in Fig. 3.4
(c) and (d). Nitrate reaches equilibrium between 5 and 10 min of shaking when
employing 0.05 g of MBC in 25 mL of 20 ppm aqueous nitrate at 25 ºC (Fig. 3.4(c)).
Fluoride adsorption reached equilibrium within 5 min at a fluoride concentration of 10
ppm at these same conditions (Fig. 3.4(d)). MBC exhibits fast adsorption kinetics similar
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to the adsorption of other pollutants recently reported by our group using the Douglas fir
biochar, BC, 38, 43 the precursor to MBC in this current work.
3.4.2.3

Adsorption mechanisms
MBC adsorption sites include those on the biochar and those on the α-Fe2O3 and

Fe3O4 particles. H2AsO4- and Cr2O72-/HCrO4- anion adsorption (pH 3) capacities from
water of 51 mg/g for As(V) and 30 mg/g for Cr(VI) on α-Fe2O3 were reported.20 These
anions were held by electrostatic attraction at low pH values. In this study, NO3- and Fmaximum removal occurred from pH 2 to10, where the overall MBC surface is positively
charged (below the point of zero charge). α-Fe2O3 and Fe3O4 surfaces contain about 4 to
10 iron-bonded hydroxyl groups per nm2, which exhibit amphoteric behavior.44 As the
solution pH increases, the MBC surfaces undergo a pH dependent deprotonation of
surface hydroxyl groups. Above pH 11 (the PZC), electrostatic repulsion occurs between
the negatively charged MBC surface and negatively charged nitrate and fluoride. The
surface charge density at any pH will be different over the iron oxide versus the biochar
surfaces, but at pH >11 both will be negative. These surfaces have different OH surface
concentrations and pKa values.
Nitrate and fluoride adsorption mechanisms on MBC were studied using XPS.
XPS probes the surface/near surface (~100 Å) chemistry, where sensitivity increases
sharply closer to the surface.32 High-resolution Fe 2p3/2 and Fe 2p1/2 XPS spectra of MBC
samples before and after nitrate and fluoride adsorption were obtained (Supplementary
Fig. B.1(b)). These spectra revealed broad Fe 2p3/2 and Fe 2p1/2 peaks at binding energies
centered at 711 and 725 eV, respectively. Potential Fe (2p) binding energy shifts after
nitrate and fluoride adsorption could not be observed. The binding energy of 711 eV for
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Fe 2p3/2 and the binding energy of 684.4 eV for F- after fluoride adsorption (Fig. 3.5), are
not consistent with Fe-F bonding reported for F binding energies in FeF3 (685.3 eV) or
FeF2 (685.2 eV).33 These spectra show fluoride does not adsorb on α-Fe2O3 and Fe3O4 by
forming Fe-F bonds. This would change the electron density at Fe and shift the Fe (2p)
binding energy, in addition to changing the fluorine binding energy. Neither occurred.

Figure 3.5

High resolution F 1s XPS spectrum of MBC after fluoride adsorption.

Nitrate or fluoride adsorption on α-Fe2O3 and Fe3O4 occurs without direct
chemical covalent bonding to iron. Surface protonation generates Fe-O+H2 sites which
electrostatically attract both nitrate and fluoride. SEM-EDS mapping of MBC after
fluoride uptake (Fig. 3.6 (a)) confirmed that F- (in pink color) was adsorbed and evenly
distributed on both α-Fe2O3 and Fe3O4 particles. In STEM images of MBC after nitrate
uptake (Fig. 3.6 (b)), nitrate is concentrated at the iron oxide particles (especially see the
Fe versus N maps). Both nitrate and fluoride form strong hydrogen bonds to protonated
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surface hydroxyls on the iron oxides just as they do to water (Scheme 3.1). A mechanistic
study of nitrate adsorption on mineral surfaces confirmed that sorption occurs via
electrostatic attractions and hydrogen bonding.45 The pH dependence of nitrate and
fluoride uptake is consistent with an electrostatic attraction mechanism to Fe-O+H2
surface sites created below the point of zero charge. At pH=11, the net surface charge is
neutral. Thus, the percent removal of both nitrate and fluoride dropped substantially.

Figure 3.6

(a) SEM-EDS element mapping (15 kV) of α-Fe2O3 and Fe3O4 particles on
MBC after fluoride adsorption (b) STEM images (200 kV) of α-Fe2O3 and
Fe3O4 particles on MBC after nitrate adsorption (C: in purple; Fe in red; O
in green; F in pink; N in yellow color). Both fluoride and nitrate adsorb
only on iron oxides according to this mapping, since F and N only found
matched with Fe (red) and O (green).
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Scheme 3.1

3.4.2.4

Electrostatic attraction combined with H-bonding adsorbs F- and NO3- to
protonated hydroxyls groups on iron oxide surfaces at pH <11. Dashed
lines represent H-bonds and (s) stands for waters of solvation H-bonded to
F- and NO3-.

Adsorption isotherm models
Nitrate and fluoride adsorption isotherms on MBC gave excellent fit to the

Langmuir 46 and Freundlich 47 isotherm models. Isotherm data was collected at 298, 308,
and 318 K, using nitrate concentrations from 10 to 100 ppm and F- concentrations from 1
to 50 ppm. A 10 min exposure was used for nitrate and a 5 min period was used for
fluoride. The data was fitted via nonlinear regression calculation employing OriginPro
2017 software (Supplementary Fig. B.5). The Langmuir and Freundlich isotherm
parameters are shown in Table 3.1. The experimental data fit both models with R2 values
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all greater than 0.98 and all but one greater than 0.99. MBC’s Langmuir maximum
adsorption capacity at 318 K for nitrate is 15.5 mg/g and at 308 K for fluoride is 9.04
mg/g. These values are significantly higher than previously reported biochar and iron
oxides capacities for nitrate and fluoride adsorption (Tables 3.2 and 3.3).
Table 3.1

Langmuir and Freundlich model parameters for nitrate and fluoride
adsorption on MBC.
Model

Langmuir

Isotherm Parametersa
Q0 (mg/g)
Nitrate
b
R2
0
Q (mg/g)
Fluoride
b
R2
Nitrate

Freundlich
Fluoride

Kf (mg/g)
n
R2
Kf (mg/g)
n
R2

a

298 K
14.8
0.21
0.99
7.81
0.23
0.99

308 K
15.1
0.24
0.99
9.04
0.16
0.99

318 K
15.5
0.18
0.99
7.58
0.21
0.99

6.10
4.91
0.99
3.25
4.59
0.99

7.93
7.18
0.99
3.22
4.09
0.99

6.14
4.74
0.98
3.31
5.05
0.99

Qº- Monolayer adsorption capacity, b- constant related to net enthalpy of adsorption, Kf- constant
indicative of the relative adsorption capacity of adsorbent, n- a constant indicative of the intensity of
the adsorption, R2- correlation coefficient
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2
2

Fluoride
Fluoride
Fluoride
Fluoride
Fluoride

MBC

Magnetic
corn stover biochar

Nonmagnetic corn
stover biochar

Pine wood biochar

Pine bark biochar

2

7.0

Not
available
298
308
318
298
308
318
278
298
323
298
308
318
298
308
318

295

Temp.
(K)
298
308
318

1-100

1-100

1-100

1-100

1-60

0.5-20

10-100

Conc.
range
(ppm)

1.88

2.73

3.61

Not
detected

494

18.9

494

Surface
area
(m2/g)

7.81
9.04
7.58
6.42
5.17
4.99
4.11
3.45
3.41
7.66
6.34
4.66
9.77
10.53
8.40

~1.2a

Adsorption
capacity
(mg/g)
14.84
15.05
15.53

48 h

48 h

48 h

48 h

5 min

24 h

10 min

Equilibrium
time

27

26

This
study

25

This
study

Ref.

This research article incorrectly reported the MgO-biochar (peanut shells) nitrate Langmuir adsorption capacity was 95 mg/g. According to the data given in
the article, MgO-biochar (peanut shells) removes only about 11.7% of the nitrate from a 20 ppm solution. This results in an equilibrium concentration of
17.66 ppm. Thus, the capacity for the 20 ppm nitrate would be 1.17 mg/g (the volume used is 50 mL and the biochar dosage is 0.1 g). In the isotherm study,
the adsorbent (0.1 g) was added into the 50 ml solutions with concentrations ranging from 0.5 to 20 ppm for nitrate. Even with 100% removal of 20 ppm
nitrate with the MgO-biochar (peanut shells) would result in a capacity of 10 mg/g. A Langmuir maximum nitrate capacity of 95 mg/g under the provided
experimental conditions is not possible.

a

2

Nitrate

Peanut shell MgObiochar

7.0

Nitrate

MBC

pH

Adsorbate

Comparison of MBCs nitrate and fluoride adsorption capacities with those of MgO-biochar, magnetic and
nonmagnetic corn stover biochars, and pine wood and pine bark biochars.

Adsorbent

Table 3.2

The temperature effects on nitrate and fluoride removal is were small. Both
isotherm plots show a slight increase in the amount adsorbed as temperature was rose
from 25 ºC to 35 ºC (Supplementary Fig. B.5). From 35 ºC to 45 ºC, nitrate uptake
increased slightly, whereas fluoride sorption somewhat decreased. Both nitrate and
fluoride sorption on MBC might be slightly endothermic or perhaps athermic within the
experimental error. Since these adsorptions are electrostatic, any thermal effects could be
due to changes in solvation (Ex: F-water vs F-water + surface H-bonds).
Table 3.3 lists MBS’s fluoride adsorption capacity based on the amount of
fluoride adsorbed per unit weight of iron oxide in the hybrid adsorbent. These values are
based on the Langmuir adsorption capacity of 9.04 mg/g of the adsorbent, which was
multiplied by the g of MBC that contain one g of iron oxides. MBC has the highest
capacity/g iron oxide in the table, possibly due to its dispersion of small particle iron
oxides on the biochar, giving a higher iron oxide surface area. Unfortunately, literature
values for fluoride adsorbed by neat α-Fe2O3 or Fe3O4 were not found.
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Table 3.3

5.75

303

303

298
308
318

Temp.
(K)

10-100

5-150

1-60

Conc.
range
(ppm)

53

59

Not
available
202

104
120
101

494

Surface
area
(m2/g)

7h

2h

5 min

Equilibrium
time

Fluoride

3-6.5

298

Not
Not
~9
24 h
available
available
a
This is ferrihydrite, which has also often been expressed as Fe5HO8·4H2O

Fluoride

5.75

Fluoride

Nano α-FeOOH

Mixed nano
α-FeOOH/
α-Fe2O3/
FeOOH.0.4H2Oa
Granular ferric
hydroxide

7.0

Fluoride

MBC

pH

Adsorbate

Adsorbent

Adsorption
capacity
(mg/g of
iron oxides)

50

49

48

This study

Ref.

Comparison of the fluoride adsorption capacity on MBC based on the weight of iron oxides versus those of iron
oxides reported in literature.

3.5

Conclusions
High surface area Douglas fir biochar (BC) was successfully modified to MBC

by generating both α-Fe2O3 and Fe3O4 particles onto the surface. Nitrate and fluoride
adsorption occurs by electrostatic attraction over the wide 2 to 10 pH range. Proof that
fluoride was electrostatically adsorbed as F- was provided by observing the F- binding
energy by XPS after fluoride uptake but no binding energy peak for an Fe-F species was
present. More fluoride adsorption per g of iron oxides occurred versus literature examples
suggesting the biochar enhanced iron oxide surface area by dispersion.
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CHAPTER IV
FAST ANILINE AND NITROBENZENE REMEDIATION FROM WATER ON
MAGNETIZED AND NONMAGNETIZED DOUGLAS FIR BIOCHAR

4.1

Abstract
Magnetic biochar (MBC) was prepared by the dispersion of α-Fe2O3 and Fe3O4

particles on high surface area (663 m2/g) Douglas fir biochar (BC). The BC was
impregnated with FeCl3 and pyrolyzed at 600 °C under N2 to produce (494 m2/g) MBC.
Both BC and MBC biochars were used for removal of aniline and nitrobenzene from
water. MBC and its precursor BC were characterized using SEM, SEM-EDX, TEM,
SBET, PZC, XRD, elemental analysis, and XPS. Batch sorption studies were carried out
from pH 2-12 and both aniline and nitrobenzene adsorption on MBC and BC remained
high and unchanged over the entire pH range. Sorption was evaluated using the Langmuir
and Freundlich isotherm models. Langmuir adsorption capacities on BC and MBC were
360 mg/g and 338 mg/g for aniline and 193 mg/g and 178 mg/g for nitrobenzene,
respectively.
4.2

Introduction
Rapid population growth subsequently increases demand for food, energy, and

water resources. As industries expand to fulfill these requirements, their discharges
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increase in many locations.1 Aromatic organic compounds including aniline and
nitrobenzene can be found in industrial wastewater. Synthetic resins, pesticides, dyestuff,
drugs, photographic chemicals, varnishes, vulcanization accelerators, and antioxidants
consume large quantities of aniline and nitrobenzene.2 Both aniline and nitrobenzene are
listed in the recent EPA contaminant candidate list.3 Long term aniline exposure causes
cyanosis by converting hemoglobin to methemoglobin, and in higher concentrations,
seizures, coma and death.2 Chronic exposure leads to decreased appetite, anemia, weight
loss, nervous system affects, and kidney, liver and bone marrow damage.4 Long term
nitrobenzene exposure also causes cyanosis and short term contact with skin or eyes leads
to mild irritation.5 The US EPA suggested a 0.262 ppm limit for aniline in water, whereas
the WHO reported a 30-110 ppb odor threshold for nitrobenzene in water.6, 7 The
National Institute for Occupational Safety and Health (NIOSH) recommends an
occupational exposure limit of 23 mg/m3 for nitrobenzene for a 10 h workday.8
Treatments are available to remove aniline and nitrobenzene from wastewater
including photocatalytic degradation and ozonation 5, 9, 10, biodegradation 2, and
adsorption.11, 12 These methods are not always effective and can be costly. Adsorption is
widely applied to remove organic and inorganic compounds. Activated carbon (AC) is
extensively used due to its high contaminant removal efficiencies, but AC is relatively
expensive and has low selectivity. Thus, new, highly efficient and inexpensive aniline
and nitrobenzene adsorbents are desirable.
Adsorptive removal of organic compounds onto biochar has been extensively
studied during the past decade.13-16 Fast biomass pyrolysis produces bio-oil, an emerging
alternative to fossil fuels, yielding 60-75 wt.% of liquid bio-oil, 15-25 wt.% of solid char,
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and 10-20 wt.% of non-condensable gases, depending on the feedstock and conditions.17
The solid char byproduct (biochar) is often treated as a waste material and is currently
available at low costs. As the biofuel industry grows, so will biochar availability for
environmental contaminant remediation.
The adsorption capacity of biochar depends on feedstock, pyrolysis temperature,
heating rate, residence time, etc. which establish the biochars’ surface area, pore size
distribution, surface functional groups, surface charge, bulk density, ash content, and
elemental composition. In order to enhance the adsorption capacity, many biochars have
been engineered.18 Recently, magnetically engineered biochars have been widely
investigated, where rapid magnetic separation of pollutant-laden adsorbent from treated
water is achieved using an external magnet.16 Large scale biochar use in wastewater
treatment plants has been limited due to biochar variability and small particle size, which
slows flowrates and causes pressure drops in columns. Filtration steps can be slow,
raising operation cost. Magnetic removal attenuates these issues and improves removal
efficiency.
Incorporating magnetic iron oxides imparts the additional advantage of adsorbing
oxyanions (arsenates, arsenites, chromates, etc.), fluorides and other sorbates better than
biochar alone while also exhibiting reasonable chemical stability, low toxicity, and
excellent recyclability.12 Forming magnetic biochar requires combining magnetic
materials such as iron oxides with the biochar, most commonly by Fe3O4 precipitation
from an aqueous Fe3+/Fe2+ solution upon NaOH treatment.15 Other methods include
impregnation with FeCl3 solution followed by pyrolysis.19, 20
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The present study compares aniline and nitrobenzene rapid removal from aqueous
solutions using both nonmagnetic and magnetic fast pyrolysis Douglas fir biochars. These
specific adsorbents were previously used for rapid aqueous nitrate and fluoride sorption.21
Studies of pH, equilibrium time, concentration, and temperature confirmed high aniline
and nitrobenzene adsorption capacities were achieved rapidly and efficiently.
4.3
4.3.1

Experimental
Chemicals and equipment
All chemicals were either GR or AR grades (Sigma Aldrich, Saint Louis, MO)

unless otherwise specified. Stock solutions of 1000 ppm aniline and nitrobenzene were
prepared by diluting the original solutions in deionized (DI) water prepared in a
Millipore-Q system. The pH was adjusted using either 0.1 M HCl or 0.1 M NaOH. pH
measurements were conducted using a Hanna HI 2211 pH meter. Adsorption samples
were shaken mechanically at 200 rpm (ThermoForma Orbital Shaker). Aniline and
nitrobenzene concentrations were determined using a double beam UV-Vis
spectrophotometer (A10844638101 CS) at 281 nm for aniline and 270 nm for
nitrobenzene.
4.3.2

Preparation of Douglas fir biochar
Douglas fir biochar (BC), supplied from Biochar Supreme (Everson, WA), is a

by-product from timber industry waste wood gasification. Approximately, 3 in. long raw
wet Douglas fir chips were Auger-fed to an updraft gasifier where a ~1 s residence time
was employed at 900–1000 °C. The biochar collected from the gasifier was water washed
to remove ash and other water-soluble impurities. The cleaned biochar particles were air
78

dried, milled, and sieved to a 75 µm to 150 µm particle size range and stored in closed
vessels until needed.
4.3.3

Preparation of magnetic biochar
The preparation of magnetic biochar (MBC) from BC used our previously

published method.21 Briefly, BC (50 g) was suspended with stirring in 500 ml of 2 M
aqueous FeCl3 for 24 h, and then filtered using a Whatman No. 1 filter paper. This FeCl3impregnated BC was pyrolyzed under N2 in a furnace using a heating rate of 10 °C/min
until reaching 600 °C and held for 1 h. The hot biochar was then cooled to 200 °C under
N2 followed by further cooling in air to room temperature. During pyrolysis, generated
CO and H2 induce a reducing environment which reduces a portion of Fe(III) present to
both Fe(II) and Feº. Thus, reduced iron oxides such as γ-Fe2O3, α-FeOOH, α-Fe2O3,
Fe3O4, and Feº could form during this process. Adding air at ~200 ºC during cooling will
safely oxidize any Feº nanoparticles present to oxides. A thorough analysis confirmed
that only α-Fe2O3 and Fe3O4 particles could be detected on this biochar surface.21 The
resultant biochar/α-Fe2O3/Fe3O4 composite was repeatedly washed with DI water and
dried under air for 24 h at 70 ºC. The MBC yield was 89.8%.
4.3.4
4.3.4.1

Biochar characterization
Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX)
SEM analysis of BC and MBC was performed by scanning electron microscopy,

using a JEOL JSM-6500F FE-SEM operated at 5 kV. A thin layer of biochar sample was
coated on carbon tape attached to a steel stub, which was mounted to a sample holder for
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analysis. A Zeiss EVO 40 scanning electron microscope with a Bruker EDX system was
employed for EDX analysis.
4.3.4.2

Transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS)
BC and MBC surfaces were investigated using a JEOL model 2100 TEM

operated at 200 kV. EDS analysis was carried out with an Oxford X-max-80 detector.
Biochar samples (~ 10 mg) were mixed with ~ 0.5 mL of 100% ethanol and sonicated 4
min. A small drop of the biochar suspension was then placed on a 300-mesh copper grid
and allowed to stand overnight before analysis.
4.3.4.3

Surface area measurements
Surface areas and pore diameters of BC and MBC samples were investigated

using a Micromeritics Tristar II Plus surface area analyzer using nitrogen physisorption at
77 K. About 100 mg of biochar samples were pre-conditioned using a Micromeritics
FlowPrep 060 degas system at 180 ºC under N2 for 1 h prior to analysis. BrunauerEmmett-Teller (BET) isotherm data was used to determine the surface areas. The average
biochar pore diameters were calculated by assuming the presence of uniform cylindrical
pores. All the isotherm and pore diameter data was analyzed with Micromeritics Tristar II
Plus software version 2.03.
4.3.4.4

Proximate and ultimate analysis
The total Fe wt.% in the BC and MBC samples were determined after complete

acid digestion by atomic absorption spectroscopy (AAS) (Shimadzu AA-7000) using an
iron solution standard (1000 ppm) purchased from Sigma-Aldrich. Biochar (0.1 g) was
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placed in 50.0 mL of aqua regia solution (1:3 v/v (70% HNO3 and 37% HCl)) for 1 h at
60 °C with continuous stirring. After cooling to room temperature, solutions were diluted
15-fold with DI water prior to AAS analysis. Ash content was determined by placing 0.5
g of BC and MBC in a muffle furnace in air at 650 ºC for 15 h. The ash weight produced
from the incineration was compared with the initial weight of the biochar samples.
Elemental analysis [C, H, N, and O (by subtraction)] was performed by combustion for
BC and MBC before and after aniline and nitrobenzene adsorption using a CE-440
Elemental Analyzer (Exeter Analytical, MA, USA) according to ASTM D3291 method
using acetanilide (C = 71.09 wt.%, H = 6.71 wt.%, N = 10.36 wt.% and O = 11.84 wt.%)
as a standard. The element percentages here refer only to the combustible fraction of the
biochar. All tests were repeated three times and average values were reported.
4.3.4.5

Point of zero charge (PZC) determination
The PZC of BC and MBC were determined using 0.01 M NaCl aqueous solutions

adjusted to pH values from 3 to 11 at pH intervals of 2. The solution pH was adjusted
with either 0.1 M NaOH or 0.1 M HCl solutions and designated as initial solution pHs.
These, pH adjusted solutions (25 mL) were brought into contact with 0.05 g of adsorbent
and mechanically shaken for 5 min. BC was removed using filter paper, whereas the
MBC was removed using a magnet. The filtrate pHs were measured and designated as the
final solution pHs. The PZC was determined by plotting the initial vs final solution pH
values.
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4.3.4.6

X-ray powder diffraction (XRD)
Crystallographic phases in BC and MBC were analyzed by X-ray diffraction

(XRD) using a Rigaku Ultima III (Jade 2010 software with PDF 2 database) X-ray
diffraction system using Cu-K α (λ= 1.54 Å) radiation at 45 kV and 40 mA. The XRD
patterns were obtained by scanning 2θ from 0° to 80° at 4° min-1.
4.3.4.7

X-ray photoelectron spectroscopy (XPS)
XPS analysis performed on BC and MBC fractal particles, before and after aniline

and nitrobenzene adsorption, elucidated surface and near surface changes that occurred
during adsorption. A Thermo Scientific K-Alpha XPS system was used, equipped with a
monochromatic X-ray source at 1486.6 eV corresponding to the Al Kα line. The emitted
photoelectrons were collected with the takeoff angle of 90º relative to the sample holder
surface. The data were acquired from three spots with a 400 µm2 spot size. The survey
and high-resolution core level spectra were obtained with pass energies of 200 eV and 40
eV, respectively. High resolution spectra were obtained for C and N. Each sample was
scanned 20 times with a step size of 0.1 eV. An electron flood gun for charge
compensation and constant analyzer energy mode was employed for all XPS
measurements. XPS data were analyzed by using “Avantage v5.932” software.
4.3.5

Adsorption studies
The aniline and nitrobenzene adsorption experiments on BC and MBC were

carried out using batch adsorption. All experiments were conducted in 50 mL digestion
vials from Environmental Express containing 0.05 g of biochar and 25 mL of either
aqueous aniline or nitrobenzene solutions. All samples were shaken at a constant 200
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rpm. Kinetic studies used 50 ppm aniline or nitrobenzene solutions shaken for up to 60
min. Sample vials were periodically taken off the shaker and the BC was removed by
filtration while MBC was removed magnetically. Aniline and nitrobenzene
concentrations remaining in the filtrate were analyzed with a double beam UV-Vis
spectrophotometer. Equilibrium was achieved before 5 min for both aniline and
nitrobenzene adsorptions, demonstrating fast adsorption kinetics. Adsorption experiments
were repeated in triplicate and with standard deviations provided. Standard error bars
were included in all plots and the very small errors confirm that the 0.05 g adsorbent
samples are reasonably representative of the full BC and MBC samples.
Aniline and nitrobenzene adsorption isotherms were determined using solution
concentrations from 0 to 1200 ppm and 0 to 700 ppm, respectively. Adsorbent doses of 2
g/L BC and MBC were used followed by 5 min of mechanical shaking. The amount of
sorbate removed by adsorption was calculated by:
𝑞𝑒 =

𝑉(𝐶0 − 𝐶𝑒 )
𝑀

Here qe is the amount of aniline/nitrobenzene (mg) removed per g of BC/MBC,
Co and Ce are the initial and equilibrium aniline/nitrobenzene concentrations (ppm) in
solution, V is the solution volume (L), and M is the BC/MBC weight (g).
4.4
4.4.1

Results and discussion
Char characterization
SEM images of BC and MBC (Fig. 4.1) portray the biochar surface topography.

Fig. 4.1(a) shows substantial portions of the original Douglas fir morphology remain
unaltered during the thermal treatment. Heterogeneous veins, lumen, lateral pits, and
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helical fibrils which originate from precursor plant tissues account for these structural
features in the BC SEM images.22 The small canals generally have from 1 to 10 µm pore
openings. MBC images (Fig. 4.1 (b), (c), and (d)) feature iron oxide particles on the
biochar surface. Octahedral Fe3O4 particles were observed (Fig. 4.1 (b)) with a diameter
ranging from 0.5 to 2.0 µm with clustered aggregates in some locations. Smaller quasispherical shaped Fe3O4 particles were found in abundance with a diameter ranging from
100 to 300 nm with some clustering aggregation (Fig. 4.1 (c)). Spindle-like α-Fe2O3
particles, approximately 1 µm long and widely distributed, were observed in some
locations remote from Fe3O4 particles (Fig. 4.1 (d)). The reduction of a portion of Fe3+ to
Fe2+ by CO and H2, produced during the thermal decomposition of FeCl3-impregnated
biochar, resulted in Fe3O4 (mixed Fe2+/Fe3+) in addition to all Fe3+ α-Fe2O3 particle
formation on the biochar surface. These two forms of iron oxide were previously
identified on MBC prepared in this manner.21
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Figure 4.1

(a) SEM image of BC illustrates the Douglas fir morphology found after
the thermal treatment (b) The SEM image of the MBC displays octahedral
Fe3O4 particles with the diameter range from 0.5 to 2.0 µm on the biochar
surface (c) Small spherical shaped Fe3O4 particles on the MBC surface, (d)
Spindle-like α-Fe2O3 particles approximately 1 µm long on the MBC
surface.

Surface elemental compositions of BC and MBC were acquired by SEM-EDX
(Supplementary Fig. C.1). Carbon and oxygen accounts for 84.1 and 15.3% weight
percent for BC and 80.2 and 11.9% weight percent for MBC respectively. The percent
carbon of biochar generally increases with increasing pyrolysis temperature and time due
to further carbonization.23 Some further biochar carbonization occurs during the process
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of pyrolyzing (600 °C) FeCl3-impregnated BC into MBC, however, iron oxides and
residual chlorine are present in MBC resulting in the observed decrease in carbon wt.%.
MBC’s SEM-EDX displays a few additional Fe and Cl peaks not present for BC.
The wt.% of Fe in MBC found by SEM-EDX was 4.63%, whereas Fe was not detected
by SEM-EDX in BC. Substantial Cl appeared in the MBC EDX due to chloride
remaining from FeCl3 impregnation. The SEM-EDX analysis gives an approximate
surface elemental analysis because the surface is heterogeneous and the EDX spot size
(~1 nm) analyzes a small area and has limited depth of penetration (300 nm - 2 µm). A
complete iron analysis was obtained by AAS after total digestion of a sample. This total
iron content in MBC from AAS analysis (7.52%) is higher than that (4.63%) of the SEMEDX analysis. Though the iron in BC was not detected by SEM-EDX analysis, 1.13 wt.%
iron was detected from AAS after acid digestion (Table 4.1).
The distribution of elements on BC and MBC surface regions were mapped by
TEM-EDS. Fig. 4.2(a) displays elemental map of BC showing C, O, Fe, Ca, and Mg
distributions over the region mapped. Observing the intensely colored regions confirms
that the BC surface region consists of mostly C and O. Fe, Ca, and Mg were observed at
specific locations and the Ca and Mg elemental maps overlap with O mapping,
supporting the presence of these metals as metal oxides, hydroxides or carbonates.
TEM micrographs of MBC (Fig. 4.2(b)) confirm the existence of iron particles
with approximate diameters of 100 nm. Moreover, the elemental maps of iron and
oxygen have overlapped distributions, indicating the existence of iron as iron oxides. The
oxygen amount on the areas of MBC without iron is noticeably lower compared to the
amount of oxygen in the iron-rich regions. The amount of Ca and Mg metals observed on
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MBC, are significantly reduced compared to that found on BC, possibly due to the
extensive washings after MBC preparation. However, chlorine from FeCl3-impregnation
remained after pyrolysis and after these washings. Chlorine was found over the entire
MBC surface region where C was found. The weight percentages of these elements from
EDS in both BC and MBC are summarized in Table C.1.

Figure 4.2

TEM images (200 kV) (a) BC displays the electron image and the C, O, Fe,
Ca, and Mg elemental distribution over the same region mapped per each
element (b) MBC displays uniform and dense distribution of C, with
residual Cl, Fe, Ca, and O each mapped over the same region. In both (a)
and (b) the mapping colors are C (red), Fe (blue), O (green), Ca (purple),
Mg (yellow), Cl (orange).
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XRD analysis was conducted to determine crystal phases of iron oxide particles.
Several iron oxide phase peaks appeared in the 2θ range from 0 to 80° (Fig. 4.3). The
peak identities were thoroughly investigated previously and proved the existence of both
α-Fe2O3 and Fe3O4 crystalline phases on the MBC surface.21 The major peaks and their
indexed planes at 30.04° (220), 35.44° (311), 43.03° (400), 54.03° (422), 56.95° (511),
and 62.89° (440) matched magnetite (JCPDS file No. 75-0033), confirming the presence
of crystalline Fe3O4 24 on the MBC. Other MBC peaks and their indexed planes at 24.08°
(012), 33.07° (104), 35.44° (110), 40.78° (113), 49.38° (024), 54.03º (116), 62.48º (214),
and 64.01° (300) all match the standard diffraction pattern of crystalline hematite (αFe2O3) (JCPDS file No. 33-0664).25
Eqs. 1 and 2 show how FeCl3 hydrolyzes with water and then proceeds to Fe2O3
on heating.25 During FeCl3-impregnated BC pyrolysis some water is present during the
heat up stage and something similar could occur. Further carbonization at higher
temperature generates CO and H2. At 570 ºC or above, reduction of Fe2O3 with CO/H2
takes place in three steps as given in Eqs. 3-5 and 6-8, respectively.26 Upon exposure to
oxygen, Fe(II) can re-oxidize to Fe2O3 and Fe0 to both Fe2O3 and Fe3O4. The specific
time/temperature protocol, heating to and holding at 600 °C, generates three types of iron
oxide particles of the size distributions noted and shown in Fig. 4.1. Why these types are
located mostly in separate locations on the biochar is not known.
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FeCl3 + 6H2O

Fe(H2O)63+ + 3Cl-

(1)

2Fe(H2O)63+

Fe2 O3 + 6H+ + 9H2 O

(2)

3Fe2O3 + CO

2Fe3O4 + CO2

(3)

Fe3O4 + CO
FeO + CO
3Fe2O3 + H2
Fe3O4 + H2
FeO + H2

Figure 4.3

3FeO + CO2
Fe + CO2

(4)
(5)

2Fe3O4 + H2O
3FeO + H2O
Fe + H2O

(6)
(7)
(8)

The powder XRD spectrum of MBC confirming the existence α-Fe2O3 and
Fe3O4.

XPS 27 is widely applied to examine elements present on and very near the
surface. From electron binding energies, oxidation states and some bonding states of
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elements are deduced. The XPS survey spectrum acquired for MBC (Fig. C.2) contains C
1s, O 1s, Cl 2p and Fe 2p peaks. The Cl peak (200 eV) was due to chloride (Cl-)
remaining from FeCl3-impregnation.28 The high resolution Fe 2p spectrum of MBC
previously confirmed the presence of two iron oxide phases, Fe3O4 and α-Fe2O3.21
The surface areas and average pore diameters of BC and MBC (Table 4.1)
significantly decreased going from BC to MBC. Pore destruction or blocking and partial
filling by micro-sized iron oxide particles could have reduced the surface area by more
than the iron oxide particle generation increased it. The total MBC ash content is (18.2%)
much higher than that of the BC (3.4%, Table 4.1), due in part to the iron oxides present.
Table 4.1

C
(wt.%)

H
(wt.%)

Fe a
(wt.%)

Ash b
(wt.%)

(m2/g)

Average
pore
diameter
(Å)

BC

663

21.4

77.6

2.31

1.13

3.44

MBC

494

2.89

66.2

1.95

7.52

18.2

Biochar
sample

a

Surface area, average pore diameter, carbon, hydrogen, iron weight
percent, and ash contents of the BC and MBC.
Surface
area

b

From AAS analysis on totally digested samples, Obtained from the amount remaining after sample
incineration

The point of zero charge defines the solution pH value, where the net surface
charge is zero. The BC PZC value is 9.5,29 whereas MBC has a PZC value of pH 11.21
The PZC of a biochar depends on pyrolysis temperature, with higher temperature
pyrolysis typically producing higher PZC values.23 The formation of inorganic carbonates
from Ca2+ and Mg2+ at higher temperatures is a contributing cause.30
The TEM-EDS mapping of BC in Fig. 4.2 (a) indicates the presence of surface
region Ca and Mg. These metals and their hydroxides react with carboxyl groups to form
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surface carbonates, increasing the PZC.31 The net surface charge of MBC, unlike BC, is
governed by the individual PZC values of the α-Fe2O3 and Fe3O4 particle surfaces and the
biochar surface. The increase of PZC from 9.5 to 11 going from BC to MBC is consistent
with the previously reported PZC increase for a biochar composite 32 produced by mixing
Fe0 and ground rice straw followed by pyrolyzing at 550 ºC. The biochar produced only
from rice straw had a PZC pH of 8.4, whereas, a PZC pH of 11.6 was obtained from the
biochar produced with Feº. Each surface component contributes to the overall PZC value,
so predicting a PZC value is always difficult for hybrid materials.
4.4.2
4.4.2.1

Sorption studies
Adsorption rate
Aniline and nitrobenzene removal versus time was rapid (Fig. 4.4) for BC and

MBC. Experiments were carried out from 5 min to 1 h using 0.05 g of biochar in 25 mL
of 50 ppm aqueous aniline and nitrobenzene at 25 ºC. Both reached equilibrium before 5
min, removing over 90% of these target analytes. MBC has a slightly higher aniline
removal percentage than BC under the same conditions (Fig. 4.4(a)). MBC and BC
percent removals of nitrobenzene were almost identical (Fig. 4.4(b)) and slightly higher
than aniline. These almost identical adsorption performances by both BC and MBC are
similar to the previous 4-nitroaniline sorption by BC and a MBC (made by precipitation
of Fe3O4 from solutions of Fe2+ and Fe3+ salts on adding NaOH) reported recently.16
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Figure 4.4

4.4.2.2

Percent removal of aniline (a) and nitrobenzene (b) by BC and MBC at
different time intervals using 0.05 g adsorbent in 25 mL of aqueous aniline
(50 ppm) and nitrobenzene (50 ppm), respectively (error bars were
included with every data point and many of the error bars are within the
size of  or  symbols shown on these plots).
Effect of solution pH on adsorption

Remarkably, both BC and MBC remove close to 100% of aniline and
nitrobenzene over the entire 2-12 pH range (Fig. 4.5(a) and (b)). Therefore, all the
adsorption experiments could be carried out in DI water without adjusting solution pH.
BC and MBC surfaces will be net positively charged below pH 9.5 and 11 respectively.
Aniline has pKa value of 4.63. The percent of protonated aniline increases as pH
decreases from 0.42% pH 7, 29.9% pH 5, 81.0% pH 4 and 97.7% pH 3 (these percent
values were calculated based on the pKa value of aniline). Aniline’s high adsorption
capacity over pH 2-12 demonstrates that both aniline and protonated aniline can be
strongly adsorbed to BC and MBC. Unlike aniline, nitrobenzene remains neutral in
solution between pH 2 and 12. Hence, electrostatic interactions between the adsorbent
surfaces (BC and MBC) and nitrobenzene don’t occur. In the pH region where aniline is
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mostly protonated, the BC and MBC surfaces are positively charged and protonated
aniline will experience repulsions. Nevertheless, aniline is easily adsorbed.

Figure 4.5

4.4.2.3

Percent removal of aniline (a) and nitrobenzene (b) by BC and MBC versus
solution pH values using 0.05 g adsorbent in 25 mL of aqueous aniline (50
ppm) and nitrobenzene (50 ppm), respectively (error bars were included
with each data point but many of the error bars are within the size of  or 
symbols shown on these plots).
Adsorption mechanisms

Biomass undergoes partial aromatization, increasing as pyrolysis temperature
and time increases. Small graphene-like regions with random packing also develop
during pyrolysis 33. High resolution C 1s XPS spectra for BC and MBC exhibited
extensive sp2-hybridized aromatic carbon dominating the biochar surfaces (Fig. 4.6). The
most intense peaks at 284.4 eV (MBC) and 284.5 eV (BC) are sp3 and sp2-hybridized
carbons bound only to other carbons or hydrogen. Most represent sp2-hybridized aromatic
carbons. Peaks at 285.7 (MBC) and 285.8 eV (BC) are attributed to carbons bonded by a
single bond to oxygen, dominated by aromatic carbons containing phenolic -OH groups
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or aryl ether carbons. Some sp3-hybridized carbons single-bonded to -OH or ether
oxygens are possible in this envelop.
The peaks at 287.1 eV (MBC) and 287.4 eV (BC) are assigned to carbonyl
(>C=O) groups 34 which constitute quinoid functions within the aromatic structure. The
highest binding energy peaks (289.1 eV(MBC) and 289.2 eV(BC)) could be carboxyl or
carbonate carbons. However, carboxyl groups should be rare on BC and particularly
MBC surfaces due the de-carboxylation during the short high temperature (~ 1s, 9001000 ºC) initial carbonization to make BC and the subsequent 1 h at 600 ºC experienced
by MBC.
The reported binding energy value of 289.3 eV for CO32- carbon 35 is very close to
the values found for both BC and MBC. This observation also agrees with the presence of
metal carbonates on the biochar surface and agreement with the presence of surface metal
(Ca and Mg) carbonates (TEM-EDS analysis) and the high BC and MBC PZC values.
The curve resolution in Fig. 4.6 (a and b) appears as four broad peaks suggesting that
other fittings with more peaks could also be reasonable. The above discussion does not
rule out small contributions from lactone (Rˈ-CO2R) sp2-carbons and other minor
contributors.
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Figure 4.6

High resolution C 1s spectra of (a) BC and (b) MBC.

Aniline has an electron rich π-system while protonated aniline and nitrobenzene
are more π-electron deficient and polar. Aniline can serve as a π-bond donor to quinoid
and electron deficient aromatic biochar surface regions (Scheme 4.1). Aniline is reported
to form π- π stacking interactions between π-electron regions on graphene oxide,
activated carbon, and carbon nanotubes.4, 36, 37 The high-resolution N 1s XPS spectrum of
MBC after aniline adsorption at pH 7 was acquired (Fig. C.3). The peak binding energy
at 399.6 eV is close to the reported values for the nitrogen in aniline,38, 39 indicating
aniline’s nitrogen is not protonated. Also, aniline’s nitrogen does not form a covalent
chemical bond to the biochar surface that would alter the N 1s binding energy. The
reported binding energy for protonated aniline is 401.5 eV.40 Protonated aniline will πbond to electron-rich π-aromatic surface sites, which can occur at lower solution pH
values where it dominates in solution. Protonated aniline can also be a strong hydrogen
bond donor to surface oxygens.
Aniline and nitrobenzene can also hydrogen (H)-bond to the surfaces. The biochar
contains phenolic hydroxyls and both ketone and aryl ether functions. Phenolic surface
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sites are H-bond donors to nitrobenzene and aniline. Aniline’s amino group hydrogens
are H-bond donors to surface lone pair electrons as are it’s –NH3+ protons in protonated
aniline. The aniline nitrogen lone pair is an H-bond acceptor. Dipole-dipole attractions
can also contribute.

Scheme 4.1

Adsorptive interactions from π-π electron stacking and H-bonding of
aniline or protonated aniline and the biochar surface.

Nitrobenzene is π-electron-deficient with a strong dipole moment. Therefore, it
acts as a π-acceptor with electron-rich aromatic biochar surface sites (Scheme 4.2).
Nitrobenzene oxygens are H-bond acceptors with surface phenolic hydroxyl groups
similar to previous descriptions of nitroaromatic adsorptions on graphene oxide (GO),
reduced graphene oxide (RGO), and graphene nanosheets (G).41 At high solution pH, BC
and MBC phenolic hydroxyls deprotonate leaving electron rich phenolate sites, which are
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strong H-bond acceptors from aniline and π-electron donors to biochar aromatic regions
for nitrobenzene stacking.

Scheme 4.2

Adsorptive interactions from π-π electron stacking, H-bonding and dipoledipole attractions between nitrobenzene and the biochar surface.

In summary, aniline and nitrobenzene adsorption on BC and MBC thrives over a
wide pH range by multiple mechanisms. π-Interactions may predominate because both
adsorbates possess polarized aromatic π-electron systems interactive with the extended
aromatic regions of carbonized biochar. H-bonding interactions between surface
functional groups and -NH2/-NO2 sorbate groups can contribute.
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4.4.2.4

Adsorption isotherm models
Aniline and nitrobenzene adsorption equilibrium isotherm studies were

conducted on both BC and MBC. Equilibrium was achieved within 5 min of shaking
using 2 g/L of adsorbent with aniline concentrations from 0-1200 ppm or nitrobenzene
concentrations of 0-700 ppm. The equilibrium data was analyzed using Langmuir 42 and
Freundlich 43 isotherm models, employing nonlinear regression calculations using
OriginPro 2017 software. Table 4.2 summarizes the isotherm parameters and regression
coefficients. Aniline and nitrobenzene data from both BC and MBC fit well (R2 > 0.94)
with both isotherm models.
Table 4.2

Langmuir and Freundlich model parameters for aniline and nitrobenzene
adsorption on BC and MBC at pH 7 and 25 ºC.
Model
Langmuir

Isotherm Parametersa
Q0 (mg/g)
Aniline
b
R2
Q0 (mg/g)
Nitrobenzene
b
R2

BC
360
0.01
0.99
193
0.15
0.95

MBC
338
0.03
0.99
178
0.16
0.94

Kf (mg/g)
n
R2
Kf (mg/g)
n
R2

44
3.13
0.95
59
4.41
0.98

52
3.35
0.95
57
4.55
0.97

Aniline
Freundlich
Nitrobenzene
a

Qº - monolayer adsorption capacity, b - constant related to net enthalpy of adsorption, Kf constant indicative of the relative adsorption capacity of adsorbent, n - a constant indicative of
the intensity of the adsorption, R2 - correlation coefficient

The amount of either aniline or nitrobenzene adsorbed does not change much
going from BC to MBC. In both cases (Table 4.2) the amount of each that adsorbed rose
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by a factor of ~1.1 going from MBC to BC. This observation implies that iron oxide
particles only weakly impact the sorption of either sorbate verses the biochar surface. The
adsorption of both sorbates fall as surface area drops. MBC and BC surfaces express the
same functional groups except for that addition of localized iron oxide particles on the
surface.
Langmuir and Freundlich adsorption isotherm plots at pH 7 and 25 ºC for aniline
are shown in Fig. C.4. Langmuir maximum adsorption capacities for aniline on BC and
MBC were 360 mg/g and 338 mg/g, respectively. The Langmuir maximum adsorption
capacities for both aniline and nitrobenzene on BC were higher than those for MBC. This
observation is agreement with the N combustion analysis, where BC had the highest N
weight gain from both aniline- and nitrobenzene-laden biochars (data not shown).
Langmuir and Freundlich adsorption isotherm plots for nitrobenzene are shown in Fig.
C.5. The aniline and nitrobenzene adsorption capacities on BC and MBC are compared
with previously reported adsorbents in Table 4.3.
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100

Aniline

Aniline

MBC

ASCa
PSCb
SSCc

7.0
6.6-7.0

7.0

Aniline

Aniline

6.0

6.5

7.0

7.0

pH

Aniline

Aniline

Aniline

BC

Fe3O4/PACd

Adsorbate

Adsorbent

24

25

20

40

25

25

Temp.
(ºC)

25

125.0

109.9
113.6
106.4

565
579
548

0.5

72.9*

201.1

108.0
93.6
127.0

338.4

360.2

Langmuir
Adsorption
capacity
(mg/g)

22

671

1156
923
1081

494

663

Surface area
(m2/g)

250

0.19
0.20
0.19

3.59

0.30

0.09
0.10
0.12

0.69

0.54

4h

5 min

90 min

60 min

420 min

5 min

5 min

Adsorption Equilibrium
density
time
(mg/m2)

Comparison of aniline and nitrobenzene adsorption capacities on BC and MBC versus other adsorbents.

Lignin-graftacrylic acid (L-gAA)
H-Beta
0.5% (w/w) CuBeta
1.4% (w/w) CuBeta
Pyromellitic
dianhydride
modified jute
fiber

Table 4.3

48

47

46

45

44

This
study

This
study

Ref.

101

AC1e
AC2f
AC2ag
AC2bh
Mesoporous
molecular sieves
(MCM-41)
Graphene (G)
Graphene oxide (GO)
Reduced GO
Carbonized
sugarcane bagasse
(SCB)
Nanocrystalline
hydroxyapatite
(HAP)
7.0

5.8
7.0
5.8
4.0

Nitrobenzene
Nitrobenzene
Nitrobenzene
Nitrobenzene

7.0

Nitrobenzene

Nitrobenzene

MBC

7.0

7.0

Aniline
Nitrobenzene

7.0

Aniline

BC

AC1e
AC2f
AC2ag
AC2bh
BAC-rawi
BAC-O8j
BACO16k

Table 4.3 (continued)

25

25

25

25

25

25

25

25

25

233.8
249.8
237.5
332.3
0.3
101.1
92.8
260.9
38.3
5.8

712
299
8
140
191
42

178.2

193.0

167.6
198.4
144.4
204.9
104.2
119.1
125.0

1317
1047
883
940

494

663

1317
1047
883
940
791
763
738

0.14

0.20

0.34
11.6
1.86

0.0004

0.18
0.24
0.27
0.35

0.36

0.29

0.13
0.19
0.16
0.22
0.13
0.16
0.17

1 min

~ 1h

24 h

1 min

6h

5 min

5 min

480 min

6h

52

51

41

50

49

This study

This study

4

49
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Nitrobenzene

Nitrobenzene
11

5.8
25

25
12.6

851
0.08

294.0
0.005

0.35

50 min

5 min

Activated spherical carbon, b phosphoric acid treated spherical carbon, c sodium hydroxide treated spherical carbon, d powder activated
carbon, e commercial activated carbon, f extruded acid washed activated carbon, g nitric acid treated AC2, h thermal treated AC2a, i bamboo
activated carbon, j 8 min plasma irradiated BAC, k 16 min plasma irradiated BAC, * Freundlich adsorption capacity

a

Biochared
Moringa oleifera seed
powder

Carbon materials from
wood combustion (C1)

Table 4.3 (continued)

54

53

4.5

Conclusions
BC and MBC had superb aniline and excellent nitrobenzene capacities. The

characterization of MBC confirmed the existence of α-Fe2O3 and Fe3O4 particles on the
MBC surface. The adsorption capacities of aniline and nitrobenzene on BC were larger
than on MBC. Thus, aniline and nitrobenzene adsorption on the iron oxides was a minor
contributor while the biochar regions of the hybrid retain the majority of these organics.
The adsorption of aniline and nitrobenzene occurs mainly through π-π electron
interactions over the wide 2 to 12 pH range and H-bonding. The equilibrium data on BC
and MBC fit reasonably to both Langmuir and Freundlich isotherm models. BC is
preferred for nitrobenzene or aniline removal, if magnetic removal of the adsorbent is not
needed. However, since MBC has an excellent capacity for both sorbates, it would be the
preferred adsorbent if other oxyanions, fluorides etc., which iron oxides remove better,
were present and needed remediation. The rapid removal kinetics of these fast pyrolysis
Douglas fir adsorbents are advantageous. This advantage has now been observed multiple
times.16, 21, 29, 31
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APPENDIX A
SUPPORTING INFORMATION: LEAD (Pb2+) SORPTIVE REMOVAL USING
CHITOSAN-MODIFIED BIOCHAR: BATCH AND FIXED-BED STUDIES

107

(Published in RSC Adv. 2018, DOI: 10.1039/c8ra04600j)

Figure A.1

FTIR spectra of (a) chitosan, (b) NMBC, and (c) CMBC.
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Figure A.2

C and N elemental analysis by combustion of NMBC and CMBC.

Figure A.3

N2 adsorption isotherm of CMBC and NMBC.
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Figure A.4

Non-Local Density Functional Theory (NLDFT) pore size distribution
curves of CMBC and NMBC.

Figure A.5

The ζ-potential of CMBC under different solution pH values.
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Figure A.6

SEM images of NMBC (a, b) and CMBC (c, d). The chitosan coating
process appears to block some of the mesoporous cell surfaces including
some pore openings.

Figure A.7

Electron images, N elemental mapping, and EDX spectra of NMBC (a) and
CMBC (b).
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Figure A.8

Survey XPS spectra of (a) chitosan (b) CMBC before and (c) CMBC after
lead adsorption

Figure A.9

Temperature effect on lead adsorption at pH 5.0 and at 150 mg/L of lead
solution using 2g CMBC/L.
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Figure A.10 The effect of the initial Pb concentration on capacity versus the shaking
time at pH 5 using 2 g CMBC/L.

Figure A.11 Pseudo-first order plots for lead adsorption (pH=5) at (a) 298 K, (b) 308 K,
and (c) 318 K for adsorbate concentrations of 150,175, and 230 mg/L.
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Figure A.12 Pseudo-second order plots for lead adsorption (pH = 5) at (a) 298 K, (b)
308 K, and (c) 318 K for Pb2+ concentrations of 150, 175, and 230 mg/L
and 2 g CMBC/L.

Figure A.13 Adsorption isotherms at 298, 308, and 318 K [pH = 5; adsorbent
concentration = 2 g/L; shaking time = 12 h].
114

Table A.1

Sample
NMBC
CMBC

Table A.2

Combustion analysis, ash content, surface areas, and pore radius analysis
for CMBC and NMBC

Ash
C
N
content
(wt.%) (wt.%) (wt.%)
70.71
0.00
1.43
50.37
4.57
2.55

Surface
area
(m2/g)
10.5
7.13

Mesopore
volume
(cm3/g)
0.0911
0.160

Micropore
volume
(cm3/g)
0.000
0.000

Total
average
pore
volume
(cm3/g)
0.091
0.160

The extent of protonation of chitosan at different pH values
pH

% extent
of protonation
4.3
99
5.3

91

6.3

50

7.3

9
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Density
functional
theory
pore
radius
(nm)
1.385
1.385

Table A.3

Temp.
(K)
298

Pseudo-first order parameters for lead adsorption (pH=5) at (a) 298 K, (b)
308 K, and (c) 318 K for adsorbate concentrations of 150, 175, and 230
mg/L

Initial conc.
(mg/L)
150
175
230

Pseudo-first order parameters
qe exp.
qe calc.
k1
(mg/g)
(mg/g)
( g mg -1 h-1)
63.81
19.36
0.336
79.59
30.48
0.170
88.32
26.12
0.187

R2
0.958
0.925
0.934

308

150
175
230

63.61
76.14
91.34

53.33
45.50
33.81

1.391
0.942
0.244

0.927
0.961
0.918

318

150
175
230

73.35
79.47
96.09

19.10
34.04
17.02

0.474
0.689
0.468

0.970
0.915
0.948
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APPENDIX B
SUPPORTING INFORMATION: FAST NITRATE AND FLOURIDE ADSORPTION
AND MAGNETIC SEPARATION FROM WATER ON α-Fe2O3 AND Fe3O4
DISPERSED ON DOUGLAS FIR BIOCHAR
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(Published in Bioresour. Technol.. 2018, DOI: 10.1016/j.biortech.2018.05.001)

Figure B.1

(a) XPS survey scan spectrum of MBC, illustrating the successful
formation of the biochar/α-Fe2O3/Fe3O4 composite, (b) High resolution Fe
2p XPS spectra of (a) MBC (in black), (b) MBC after nitrate adsorption (in
red) (3.40 mg N/g sample and 0.243 mmol N/g sample), and (c) MBC after
fluoride adsorption (in blue) (9.04 mg F/g and 0.476 mmol F/g sample).

Figure B.2

Point of zero charge determination of MBC [adsorbent concentration = 2
g/L; shaking time = 5 min].
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Figure B.3

SEM-EDX of MBC showing surface region elemental composition.

Figure B.4

STEM image of MBC (200 kV). Uniform and dense distribution of carbon,
oxygen, iron, and residual chlorine each mapped over the same region on
the MBC surface.
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Figure B.5

Langmuir and Freundlich adsorption isotherms, respectively, for nitrate (a)
and (c) and fluoride (b) and (d) at 298, 308, and 318 K [adsorbent
concentration = 2 g/L; Shaking time = 10 min for nitrate and 5 min for
fluoride].
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APPENDIX C
SUPPORTING INFORMATION: FAST ANILINE AND NITROBENZENE
REMEDIATION FROM WATER ON MAGNETIZED AND NONMAGNETIZED
DOUGLAS FIR BIOCHAR
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Figure C.1

SEM-EDX of (a) BC and (b) MBC showing surface region elemental
composition.

Table C.2

Elemental weight percentages from TEM-EDS analyses of BC and MBC

Sample
BC
MBC

C wt.%
91.1
82.5

O wt.%
5.0
5.5

Fe wt.%
0.5
9.3
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Ca wt.%
3.1
0.1

Mg wt.%
0.4
0.0

Cl wt.%
0.0
2.6

Figure C.2

XPS survey scan spectrum of MBC, illustrating the successful formation of
the iron oxide particles on the biochar surface.

Figure C.3

High resolution N 1s XPS spectrum of MBC after aniline adsorption.
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Figure C.4

Langmuir and Freundlich adsorption isotherms on BC (a), (c) on MBC (b),
(d) for aniline [adsorbent concentration = 2 g/L; shaking time = 5 min; pH
= 7; temperature = 25 ºC].
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Figure C.5

Langmuir and Freundlich adsorption isotherms on BC (a), (c) and on MBC
(b), (d) for nitrobenzene [adsorbent concentration = 2 g/L; shaking time = 5
min; pH=7; temperature = 25 ºC].
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